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Abstract. An overview of calcium is presented includ¬ 
ing introduction, pre-history, chronology of the research 
recorded in the literature, discussion, summary, recent 
references, literature cited, acknowledgments, and ap¬ 
pendix. 

Elemental calcium began with the Earth's formation. 
Calcium was used for utilitarian purposes in B.C. times. 
In the 12th and 13th centuries A.D., calcium oxide was 
formed by roasting limestone to form calcium carbon¬ 
ate. A test for calcium was found in the 17th century, 
and “stones" were observed in humans (see appendix). 
In the 19th century, calcium was isolated and chemically 
identified by electrolysis, and later in that century cal¬ 
cium was found to be needed in a physiological solution 
similar to the ionic content of blood. In the 20th century 
it was found that, in the absence of calcium, living cells 
pulled away from one another. Anesthesia was produced 
by massive injection of magnesium salts into a mam¬ 
mal—conciousness could be restored by the addition of 
calcium, which neutralized the magnesium. Finally, cal¬ 
cium out of control in necrosis has an invasive action. 
Calcium antagonists and their mode of action were de¬ 
scribed in 1986. 

Introduction 

While a university fellow and research assistant to the 
late Dr. L. V. Heilbrunn, I developed a deep interest in 
calcium—an interest that has culminated in this manu¬ 
script after 48 summers at the Marine Biological Labora¬ 
tory in Woods Hole, Massachusetts. This is my tribute 
to Dr. Heilbrunn for his research and profound vision of 
the importance of calcium in biological systems. 

In 1983 the role of calcium dominated my conversa- 
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tions with Associate Professor Dr. Lincoln Ford of the 
University of Chicago. He urged me to write this account 
of the history of calcium. 

The calcium ion is of fundamental importance in all 
biological systems. Jt participates in numerous biochem¬ 
ical and physiological processes. It is an intracellular reg¬ 
ulator and also functions in extracellular mechanisms. 
For example, calcium is involved in neurotransmission, 
muscle contraction, blood clotting, cell adhesion, cell 
movement, permeability, and the surface precipitation 
reaction. It is also a second messenger, a major compo¬ 
nent of bone and teeth, and is important in agriculture 
and nutrition (Fig. 1). 

Since calcium plays such a central and compelling role 
in all of basic biology, many books would have to be 
written in order to discuss all the phases and functions of 
calcium. Literature on the history of calcium dates back 
to 2600 B.C; the first practical problem—"stones"—was 
recorded in 1683 A.D. (see appendix). 

Publications on calcium's importance, however, were 
sporadic and drew little attention until the Heilbrunn 
and Wiercinski paper (1948) describing microinjection 
ofcalcium into isolated muscle fibers. At that time, A. V. 
Hill questioned the slow diffusion of calcium into the 
cell. Niedergerke (1955) gave further impetus and 
brought attention to calcium with intracellular microin¬ 
jection and electrolytic transport. 

Since then, the interest in, and study of, calcium has 
increased dramatically. Approximately 22,000 papers 
have been published between 1966 and 1987 on the gen¬ 
eration of concepts, hypotheses, mechanisms, models, 
postulates, and theories concerning calcium (Table 1). 

Prc-IIistory 

The overview of calcium begins with the origin of the 
sun, the earth, and other planets formed by the conden¬ 
sation of interstellar gases, particles, and elements 
brought together by Newtonian forces and by thermal. 
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Figure I. Calcium phosphate cycle in the biosphere. The relation¬ 
ship between plant and animal life to the land and sea cycle. (Reprinted 
with permission: from Nichols and Wasserman. 1971). 


electrostatic, and magnetic attractions at the time of the 
sun's formation. The earth went into orbit around the 
sun. Rock formed as the earth was pulled together by 
gravitational attraction. Consequently the planet grew in 
size. One major constituent of the new planet was cal¬ 
cium. 

Water formed from hydrogen and oxygen. This tilled 
the valleys and ocean basins of the earth. Water washed 
the rocks of the earth, leaching out elements including 
calcium into the ocean. Calcium is still being deposited 
into the oceans as sedimentary CaC0 3 from combina¬ 
tion with carbon dioxide (Fig. 1). See Figure 2 for the 
biogeochemistry of calcium. 

Ancient calcium 

“The calcium carbonate of the rivers would supply this 
substance in 5 X 10 5 years. This has been deposited as 
sedimentary' limestone. Since the formation of the 


Table 1 


Computer search (1966-1987) on concepts about 
calcium in the literature 



Agricola 

1979-87 

Biosis 

1981-87 

Life 

Sciences 

1978-87 

Medline 

1966-87 

Concepts 

12 

167 

127 

577 

Hypotheses 

n 

651 

611 

1,880 

Mechanisms 

49 

3,393 

2.392 

7,728 

Models 

16 

207 

260 

3.446 

Postulates 

0 

4 

3 

16 

Theories 

1 

16 

15 

65 

TOTAL 

91 

4,438 

3,408 

13,712 


Grand total: 21.649 papers over 21 years. 
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Figure 2. The biogeochemistry of calcium. The precipitates of cal¬ 
cium phosphate and carbonate are the major inorganic constituents 
of skeletal structures. In combination with collagen, rigid and strong 
structures are formed. (Reprinted with permission; from Campbell, 
1983.) 

oceans, water must have carried to the dwellers of the sea 
not less than 3 X 10‘ tons ... of calcium carbonate, 
which they have utilized as structural material" (Hender¬ 
son, 1913). 

If we take 5 X 10 5 years and divide it into 3 X 10 17 tons 
of calcium carbonate, we would have 6 X 10 11 tons per 
year. Forty percent of calcium carbonate is calcium. This 
is 6 X 10 n X 0.4, which equals 2.4 X 10 n tons of calcium 
per year. This was deposited as sedimentary limestone 
on ocean floors. 

Ancient calcium, with other ions, has been added to 
the oceans for 100 million years. Data from Williams 
(1971; loc. c/7., Sillan) shows that calcium is the third ion 
in abundance after sodium and magnesium. The fourth 
most abundant ion is potassium. These ions are essential 
for living systems. 

Chronology 

Early observations 

From earliest times, man recognized that something 
was necessary in the structure and function of bones, 
teeth, and blood. That it was calcium became known 
much later. The history of calcium spans the last five cen¬ 
turies. A list of the functions of the calcium ion in time, 
as well as the scientists involved in determining those 
functions, follows. 

B.C. 

2600, Egypt: Gypsum (CaS0 4 ) mortar was used to cre¬ 
ate a seal between limestone blocks to preserve a boat in 
a sealed pit (Monastersky, 1987). 

1336, Egypt: Alabaster, gypsum, used for vases, figu¬ 
rines. unguent jars, and chests. 
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Egypt: Plaster used to cover bandages used for wrap¬ 
ping mummies; the masks were made of plaster (Van 
Rens, 1987). 

China: Limestone and mortar used in Guilin, a 2000- 
year-old city built during the Han Dynasty (Fang, 1987, 
pers. comm.). 

Romans: Made plaster casts of body parts. Decora¬ 
tions in buildings and mortar (Van Rens, 1987). 

1500, Ebers Papyrus: No mention ofcalcium. Sea salts 
were added to a mixture of herbs, made into a ball and 
inserted into the anus as a cure for diarrhea (Dawson, 
1935). 

400, Hippocrates: Used sounds to explore urinary 
bladder for calculi (in Berdoe, 1893). 

A.D.: 12th-13th century 

Limeburners: Reduction of limestone (CaC0 3 ) to 
lime (CaO). 

17th century 

1666. Boyle: White precipitate for calcium salts with 
sulfuric acid. Used as a test. 

1666, Boyle: Aquafortis, Aquaregia, and Oyl of Vit¬ 
riol. Used on various substances. 

1667, Fairfax: Mr. Goodrich, surgeon at Bury St. Ed¬ 
mund’s, found 96 small stones in the bladder of a lad. 
He also found a stone almost as large as a newborn 
child’s head, and much of that shape. 

1672, Lister: A stone was cut from under a man’s 
tongue. 

1683, 1693, Slare: A stone the size of a kidney was 
found. Stones also found in the vessels of the pelvis (see 
appendix). 

18th century 

1753, Black: Efficacy of limewater in dissolving uri¬ 
nary calculi, "the stone." 

1786, Muller: "Sarcode droplets’’ on a Colpoda proto¬ 
zoan. 

1794: Arabs used gypsum plaster casts (Van Rens, 
1987). 

1797, Wollaston: Chemical analysis of renal calculi. 
19th century 

1800, Volta: Voltaic pile battery'. 

1808, Davy: Calcium was isolated by electrolysis and 
the decomposition of alkalis. 

1808, Davy: Metals obtained from alkaline earths. 

1829, Dobereiner: Classified elements (see Discus¬ 
sion). 

1835, 1841, Dujardin: Film formation around drop¬ 
lets emerging from a protozoan in calcium solution. 


1846, Von Mohl: The name of "protoplasm" applied 
to the fluid within the cell. 

1852, Muthijens: A new method of applying plaster 
bandages in the eare of broken bones (Van Rens, 1987). 

1857, Haeckel: Crustacean nerve was pressed, forms of 
"droplets, thread, and granules" came out of the nerve. 

1882, 1886, 1890, Ringer: Physiological salt solution 
for cell function as the external electrolyte. 

1885, Ringer and Buxton: Distilled water is actually 
harmful to protoplasm. Minute quantities of salts, cal¬ 
cium, sodium, potassium obviate the destruction. 

1886, 1892a,b, Gruber: Cutting experiments, Stentor 
and structure. Infusoria , all in calcium containing 
media. 

1888, Fabre-Domergue: Film formation around drop¬ 
lets of protoplasm pushed out of cells. 

1890, Ringer: Added calcium chloride to distilled wa¬ 
ter and life was sustained longer than in sodium and po¬ 
tassium salt solutions. Tap water worked because of the 
calcium in it, whereas distilled water did not. 

1892, Loevv: Calcium counteracts magnesium when 
the magnesium concentration is too high in plants. 

1892, Loew: Nucleus contains calcium mainly in the 
chromatin and the nucleolus. 

1894, Locke: Calcium necessary for the transmission 
of excitatory' nerve impulses from nerve to muscle. A 
nerve-muscle preparation in calcium-free solution, the 
muscle failed to respond when nerve was stimulated. Ad¬ 
dition of small amount of calcium restored excitation by 
nerve. This response depended on the presence of cal¬ 
cium in the solution. 

1894, Ringer and Sainsbury: "Remarkable power with 
a minute dose of lime salt, e.g.. lime phosphate possesses 
in maintaining the integrity of tissues." "Whilst a very 
minute quantity of a lime salt serves to be adequate to 
the maintenance of this vitality (of the worm Tubife. y), 
the quantity may be increased enormously without pro¬ 
ducing any very definite results." 

1896, Biedermann: 0.6% NaCl was found to be better 
with Na 2 HP0 4 and Na 2 CO_ 3 (Vol. 1, p. 105). 

20th century 

1900, Herbst: Cells tend to separate in the absence of 
calcium. 

1902, Kolsch: Film formation around droplets of pro¬ 
toplasm in calcium media. 

1902, Loeb: Pure calcium solution is toxic to Fundulus 
eggs. Isotonic solutions of calcium are toxic to cells and 
organisms adapted to living in the presence of relatively 
high concentrations of salts. 

1903, Stiles; 1912, Trendelenburg; 1920, Alday-Re- 
donnet; 1926, Gellhorn: Smooth muscle is more perme¬ 
able to calcium than skeletal muscle. A prompt shorten¬ 
ing occurs. 
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1904, Overton: Shortening occurs in uninjured mus¬ 
cle. Calcium necessary for transmission of impulses 
across the nerve synapse. 

1905, 1908, Meltzer and Auer: Injected magnesium 
salts into the blood stream of a vertebrate. A sufficiently 
high concentration produced a state of anesthesia. When 
calcium was injected, the animal became sensitive and 
awakened. 

1902, Loeb: Calcium and other ions in irritability and 
contraction. 

1907, Benecke: Spirogyra not injured by calcium 
alone. 

1908, Daniel: The destructiveness of distilled water 
has been attributed to its low content of inorganic salts. 
Distilled water of low conductivity and of physical purity 
was obtained. 

1909, Mendel and Benedict: Excretion of calcium and 
interrelationship to inorganic compounds. 

1909, Osterhout: K and Na act antagonistically. 

1910, Meyer: 1926, Gray; 1941, Robertson: Calcium 
important in holding cells together. 

1911, Mines: Exclusion of calcium from Ringer’s solu¬ 
tion caused uncoupling of the action potential of heart 
muscle from contraction. T his was the first evidence of 
the role of calcium in coupling excitation and contrac¬ 
tion. 

1913, Spaeth: K and Na act antagonistically. K is 
seven times more potent than Na. 

1916, Peck and Meltzer: Surgical operations were per¬ 
formed with magnesium anesthesia en masse (see 1905- 
1908). 

1918, Loewi, a, b: Calcium is necessary in the digitalis 
effect on the heart (p. 93). Calcium prevents digitalis 
standstill in the heart. 

1920, Aldav-Redonnet: Adrenalin and calcium. 

1920, Hober; 1932, Gillespie and Thornton: All types 
of muscle fail to contract in the absence of calcium. 

1921, Loewi: “Vagus-stoH" from vagus nerve was a 
fundamental discovery. In the course of events it was ob¬ 
served that calcium plays an important role in the secre¬ 
tion of acetylcholine (ACH) that is “vagus-stoff.” 

1922, Burridge: “The paralyzing action of cocaine 
must be associated with some form of deprivation of the 
effected tissues of their calcium.” 

1922, Tate and Clark: Calcium chloride produces con¬ 
traction of rabbit and cat uteri; relaxation of in guinea 
pig and rat uteri. 

1923, Robison: Advance concerning conversion of 
blood calcium into tl insoluble calcium of bone. 

1925, 1931, Loew; 1926, 1928, Pringsheim: All ani¬ 
mals from amoeba to man and all plants except some 
lower algae and fungi require calcium. A few yeasts and 
molds do not require calcium. 

1926, Chambers and Reznik off: Studied the actions of 


monovalent and divalent ions on amoebae using immer¬ 
sion experiments and microinjection. 

1927, Doflein and Reichenow: Cutting experiments of 
Protozoa in calcium solution. 

1927, Bouckaert and Colle: Magnitude of muscle con¬ 
traction is a function of the amount of calcium present. 

1927, Fitting: Calcium antagonizes the effect of poi¬ 
sons. 

1927, Gley and Bouckaert; 1928,Gley; 1928, Houssay 
and Molinelli; 1929, Titajew and Unik: When calcium 
is lacking, nerve fibers, especially fibers of the autonomic 
system, fail to respond to stimulation. 

1927, Heilbrunn: “Surface precipitation reaction.” 
When Stent or was crushed in a calcium medium, a new 
membrane formed around the extruded cell protoplasm. 

1928, Guissani; 1939, Beutner: Convulsions in dogs 
by injection of cocaine can be prevented by simulta¬ 
neous (injection) action of calcium chloride. 

1928, Kapeller and Kutsehera-Aichbergen: Calcium is 
necessary for heart muscle function. 

1928, Lawaczek: Adrenaline seems to release calcium 
from the bound to the free state. 

1928, Pollack: By microinjcction of calcium, precipi¬ 
tating agents showed the relationship between intracellu¬ 
lar calcium and cell function such as movement. 

1928, Rubenstein: Diagram for antagonism of cations 
(p. 408, Heilbrunn, 3rd edition). K and Na are mutually 
antagonistic. Ca and Mg antagonize Na but are syner¬ 
gistic. 

1928, Simon and Szeloczey: Cocaine causes release of 
calcium from tissues. 

1929, McCutcheon and Lucke: Both calcium and 
magnesium induced permeability compared to sodium 
and potassium. 

1930, Chambers and Howland: Injections of CaCL, 
produce a dense granular coagulum in amoeba. 

1930, Heilbrunn: High calcium concentration pre¬ 
vents protoplasmic clotting. Calcium is necessary for the 
surface precipitation reaction; higher concentrations of 
calcium ion have the same effect as other ions in retard¬ 
ing or inhibiting it. 

1930, Pauling and Goudsmit: The level scheme of cal¬ 
cium, the metastable state. 

1931, Camac: Medical anatomy from Imhoteps to 
Harvey. 

1931, Kisch: An ion that is antagonistic to a second 
ion at one concentration may act with it at another con¬ 
centration. According to Kisch, this relation exists be¬ 
tween Mg and Ca. 

1931 Kisch; 1934, Lasnitzki: Calcium lack may cause 
a decrease in the rate of respiration. 

1932, Gillespie and Thornton: Isolated bronchial 
muscle of guinea pigs is sensitive to changes as low as 1 
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mgm 0/0 ionic concentration of calcium as measured by 
the response to histamine (p. 425). 

1932. Heilbrunn: Magnesium and potassium anesthe¬ 
sia in amoeba. The colloid chemistry of protoplasm. 

1934. Bacq and Rosenbleuth: 1936. Hukuda and Mo- 
riya: Heart muscle stops in a contracted state (systole) 
with calcium. 

1938, Gaede: The working of the alkaline salts. 

A ntagonism of cations 

1932, Costello: Calcium is a necessary requisite for the 
surface precipitation reaction in marine eggs. 

1932, Heilbrunn: Simplest type of antagonist depends 
on the v alence of the cation (p. 467). In sea urchin eggs, 
both the Mg and Ca tend to prevent the toxic effects of 
monovalent cations Na and k. 

1932, Hermann: Calcium is necessary for the produc¬ 
tion of adrenaline. 

1933. Breder: Marine fish can withstand fresh water 
when it contains a small amount of calcium. 

1933, Ellis: Calcium and the resistance of Nereis to 
brackish water. 

1934, Hastings et al.: The behavior of calcium in the 
presence of citrate, holding calcium in a non-ionizable 
form, in regard to the state of calcium in the living or¬ 
ganism. 

1934, Heilbrunn: The effect of anesthetics on the sur¬ 
face precipitation reaction. At low calcium concentra¬ 
tion, ether inhibits the surface precipitation reaction in 
A rbad a eggs. 

1934, McLean and Hastings: Frog heart used to test 
quantitatively the presence of definite amounts of cal¬ 
cium ion. Perhaps the best physiological example of re¬ 
versible binding of calcium ion to serum proteins. 

1934, Peters et al.: When calcium is added .to normal 
uninjured mammalian heart tissue, it may cause an in¬ 
crease in the rate of respiration. At a given initial fiber 
length, the mechanical energy of the heart is increased 
under the influence of calcium. 

1935, Buchanan: Very' dilute solution of calcium salts 
protect planaria from the effects of distilled water. 

1935, Dawson: Healing pagan and Christian (see 1500 
B.C., Ebers Papyrus). Egyptian physicians used seawater 
in a suppository. 

1935, Huf: Concept of active transport. 

1936, keil and Sichel: Injection of small qualities of 
CaCL into isolated frog muscle M/200 caused violent 
but reversible shortening. (No data on quantity given.) 

1936, Wiercinski and Child: Differential susceptibility 
of living organisms to supersonic vibration in calcium 
media. 

1937, Ellis: Calcium plays a role in the exchange of 
water and electrolytes in Nereis diversicolor . 


1937, Marcozzi: 1939, Mast and Pace: All commercial 
preparations of magnesium salts contain calcium. 

1937, von Euler: Calcium chloride in skeletal and 
heart muscle studies in concentrations of 0.1 mol/1 is 
necessary'. 

1937, von Euler: 1939, Greville: Respiration of 
minced muscle is decreased by calcium. 

1937, Heilbrunn and Wilbur: Sodium citrate in seawa¬ 
ter inhibited the germinal vescicle breakdown of Nereis 
limbata eggs induced by agents such as ultraviolet light 
or hypertonic potassium chloride in seawater. The nor¬ 
mal response of the egg was restored by adding Ca 2+ . 

1937, Mazia: Release of Ca 2+ was found in homoge¬ 
nates of fertilized Arbacia punetulata eggs. 

1938, Ashkenaz: Narcotizing action of magnesium for 
whole muscle and single fibers can be antagonized by 
adding calcium ions to the medium. Recovery' is best in 
Ringer's solution or in Ca-Mg-Ringer's solution contain¬ 
ing four times the calcium content of ordinary' Ringer's. 

1938, Eggleton et al.: Calcium considered in 13 cita¬ 
tions on all phases of heart action (frog) (see references). 

1938, Goreczky and Ludany: In man, injection of ex¬ 
cess calcium into the blood stream lowers the basal meta¬ 
bolic rate. 

1938, Mast and Fowler: Sodium, potassium, and cal¬ 
cium ions in relation to volume changes in Amoeba pro- 
tens. 

1939, Alexander et al.: Ca cephalinate is relatively in¬ 
soluble compared with Na or k cepalinate in a liquid/ 
liquid interface. 

1939, Graham and Sichel: Local application of CaCL 
to the surface of isolated skeletal muscle fiber caused re¬ 
versible shortening of the muscle substance. 

1939, Henry and Kon: In all comparisons, milk Ca 
was more available than the Ca of CaHP0 4 , 2H : 0. 

1939, Mollison: Calcium deficiency lowers rate of res¬ 
piration in plants—especially of the tops. 

1939, Wiercinski: The effect of supersonic v ibration 
on reconstitution and head frequency in Euplanaria dor- 
otocephala in calcium medium. 

1940, Guttrrr alcium maintained the resting 
membrane poF from other effects such as high po¬ 
tassium. 

1940. Harvey and Macintosh: In perfusion fluid lack¬ 
ing calcium, the release of acetylcholine was diminished 
or abolished. The effect of calcium was on the release 
reaction. 

1941, Axelrod et al.: Calcium had a marked effect on 
the cytochrome-succinic-dehydrogenase system. 

1941. Glick: Cholinesterase activity increased by cal¬ 
cium. 

1941. Heilbrunn and Ashkenaz: The irritability of the 
isolated (cut) fiber is dependent on the calcium ion. 

1941, Heilbrunn and Ashkenaz: Calcium rather than 
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sodium (Overton, 1904) appears to be the ion essential 
for muscular contraction as demonstrated with isolated 
muscle fibers. 

1941, McDonald and Kunitz: Calcium markedly in- 
creased the proteolytic activity of pancreatic juice. The 
effect results from the activation of trypsinogen to 
trypsin. 

1941, Wiercinski: Intracellular pH determination in 
the centrifuged hyaloplasm of the Arbacia egg in sea¬ 
water. 

1942, Bailey: Calcium is a potent activator of isolated 
myosin ATPase. 

1942, Bailey: Calcium influences the activity of li¬ 
pases. Calcium activates the enzymatic activity of my¬ 
osin. 

1942, Elvehjem: Mechanism in enzyme system may 
be an indirect one (see Swingle et al ., 1942). 

1942, Swingle et al.: Calcium stimulates activity of 
succinoxidase, which oxidizes succinic acid. 

1943, Heilbrunn: Calcium, magnesium, and other cat¬ 
ions have very marked effects on protoplasm. To some 
extent these actions may be due to their action on en¬ 
zyme systems, (p. 201) 

1943, Heilbrunn: There is also an interesting analogy 
in the behavior of protoplasm toward calcium, (p. 466) 

1943, Heilbrunn: Magnesium narcosis and reversal to 
a conscious rabbit by injection of calcium, (p. 461) 

1943, Heilbrunn: Researchers used improper concen¬ 
trations of magnesium and calcium salts in their experi¬ 
ments: these were not isotonic, (p. 464) 

1943, Heilbrunn: When a frog nerve is placed in iso¬ 
tonic calcium chloride solution, a wave of death pro¬ 
ceeds from the cut end. This wave travels at a rate of a 
third of a millimeter per minute (unpub. experiments of 
M.A. Robbins, see p. 466, footnote). 

1943, Heilbrunn: Some effects ascribed to calcium are 
due to the hypertonicity of the calcium solution. 

1943, Heilbrunn: “In sea urchin eggs a trace of cal¬ 
cium will protect the cells from the toxic action of so¬ 
dium, and a further increase in calcium concentration 
has but little obvious effect" (p. 463). 

1943, Heilbrunn: “The fact that these and other drugs 
affect the cell by way of its calcium is but another indica¬ 
tion of the importance of calcium in the vital ma¬ 
chinery" (p. 467). 

1943, Heilbrunn: Cocaine, like many other anesthet¬ 
ics, can also at times show a stimulating action (Ch. 36, 
37). Both as.an anesthetic and a stimulant, cocaine is an¬ 
tagonized by calcium, (p. 467) 

1943. Heilbrunn (from Ringer and Buxton, 1885): 
Cilia of a freshwater clam gill could beat for eight days in 
a pure calcium solution. 

1943, Heilbrunn (from Ringer, 1890): Frog eggs can 


develop normally for days in a calcium phosphate solu¬ 
tion. 

1944, Wiercinski: Intracellular pH determination of 
hyaline protoplasm in centrifuged Arbacia eggs in seawa¬ 
ter. Cytoplasmic pH in Amoeba proteus in calcium 
media. 

1945, Hober: In the scries of Na, K, Ca, and Mg, Ca is 
high in hydration. 

1947, Heilbrunn and Wiercinski: Solutions of sodium, 
potassium, magnesium, and calcium chlorides were mi- 
croinjected into isolated frog muscle fibers in calcium- 
free media. Calcium ion, in high dilution (M/5000) 
caused an immediate and pronounced shortening. Injec- 
tant was 10% of the muscle fiber volume. The fibers were 
dissected in calcium-free media. 

1950, Terry; 1954, Gross: 1968, Bianchi: Cytoplasmic 
inclusions swell and rapidly dissolve in low calcium con¬ 
centrations. 

1952. Castillo and Stark: End plate potential may 
reach about three times its normal size due to high cal¬ 
cium. 

1952, Engback: Magnesium and calcium ions affect 
neuromuscular transmission. Calcium ion acts as an ac¬ 
tivator. 

1952, Wiercinski: Microinjection of M/5000 CaCL 
into the isolated frog muscle fiber induces protoplasmic 
shortening at alkaline and acidic pHs. 

1954, Gross: Calcium can disrupt cytoplasmic gran¬ 
ules. 

Pharmacology 

1918a,b. Loewi; 1937, Gold and Kwit: Digitalis and 
similar compounds act on the vertebrate heart only if cal¬ 
cium is present. 

1942, Otis: 1964, Hammond: Relation of digitalis and 
adrenaline effects to calcium in oyster heart. 

1951, Heilbrunn: Calcium is not only involved in 
bones and teeth, but also in the vital mechanisms of soft 
protoplasm. 

1956, Heilbrunn: Coagulative properties of calcium 
on lower organisms and the relation to blood clotting. 

1956, Heilbrunn: Coagulative properties and stimulat¬ 
ing properties of calcium. 

1958, 1966, Katz: Calcium functions in the amphib¬ 
ian neuromuscular junction to release acetylcholine dur¬ 
ing depolarization by nerve impulses. 

1958, Shanes: Calcium maintained nerve conduction 
in spite of the influence of other agents to alter the resting 
potential. 

1965, Pease et al.: Electron microscopic localization of 
calcium uptake in glycerol extracted psoas muscle fibers. 

1965, Ratnoff: Hemorrhagic disorders: coagulation 
defects and calcium (in Beeson and McDermott. 1975). 
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1966, Kliner and Orten: Lactose and vitamin D in¬ 
crease calcium and strontium absorption. 

1967, Federation Meetings: pH and calcium in 
muscle. 

1968, Douglas: Calcium is a general mediator of secre¬ 
tory mechanisms (see Rubin, 1982, recent references). 

1968, Katz and Miledi: Facilitation is larger during the 
second impulse, in accordance with the calcium hypoth¬ 
esis. 

1968, Langer: Calcium and ion fluxes in myocardial 
contractility. 

1969, Carriker and Smith: Comparative calcibiocavi- 
tology. 

1969, Carriker el aL: Calcium carbonate substrates. 

1969, Jahn and Bovie: Cellular cytoplasmic move¬ 
ments in cells. Protoplasmic motility involved in an ac- 
tomyosin protein complex triggered by calcium to split 
high energy phosphates. 

1970, Ford and Podolsky: Regenerative calcium re¬ 
lease in muscle cells. 

1970, Podolsky and Teicholz: Comparison of calcium 
contraction kinetics in skinned and intact muscle fibers. 

1971, Williams: The metals of life. Importance of cal¬ 
cium. 

1973, Goodenough and Stenger: The name calcium 
comes from calix. the Roman word for lime. 

1973, Swanson el aL: Saliva, calcium, and potassium 
concentrations in the detection of digitalis toxicity. 

1974, Esmon and Jackson: The function of fragment 
2 during presence of factor V in blood clotting. 

1974, Rubin: Speculation on calcium actin. (Rubin, 
1982, recent references) 

Enzymes 

1905a,b,c,d, Delezenne: Dilute solutions of calcium 
salts favored activation of the enzyme; more concen¬ 
trated solutions had the opposite effect. Analogy is made 
to blood. Dilute calcium solutions favor clotting, more 
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1966/67, Flcckcnstein el a!.: Coined the term “cal¬ 
cium antagonist" based on observations of verapamil 
and prenylamine to interfere with the mediator function 
of Ca 4+ in the excitation-contraction coupling of heart 
muscle. 
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1978, Kretsinger: Calmodulin. 
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Manual, MBL. 

1979: Symposia Soc. Exp. Biol. N. XXXIII, pp. 165- 
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1983, Campbell: Calcium and cell movement (pp. 
206-256). Endocytosis and exocytosis: uptake and re¬ 
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lar Ca 2+ may play a key role in mediating the effects of 
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invagination participates in the control of cytosolic cal¬ 
cium concentration. 
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Discussion 

Importance of calcium 

Calcium has appeared in the literature in one form or 
another since 2400 B.C. It is now known to be important 
in the external movement of cells, tissues, and organ¬ 
isms, in the intracellular movement of organelles, and in 
the formation of by-products released from cells. 

Total understanding of the intra- and extracellular 
functional aspects of calcium must be considered using 
a multifaceted approach. Several authors have recently 
examined aspects of calcium's role in biological systems. 
Rubin cl al (1985) considered the modern historical and 
biological aspects of calcium action dating back to the 
time of Sydney Ringer (1882-1894). Schwartz and Azar 
(1981) described intracellular regulation and transport 
leading to calcium's control of physiological processes, 
and Campbell (1983) described intracellular calcium as 
the universal regulator. 

We now know that eukaryotic cells maintain free Ca : 
within the cytosol at a concentration between 10 and 
10 8 M (Kretsinger. 1980). In muscle fibers, calcium is 
stored in the sarcoplasmic reticulum (Costantin el al., 
1965). Calcium's role in the formation of calculi in the 
kidney, gall bladder, and joints, as well as in the forma¬ 
tion and structure of bones and teeth, are well docu¬ 
mented. 

Calcium’s biological roles 

Calcium plays a number of important biological roles 
(Rubin. 1974, 1982; Schwarz and Azar. 1981: Anghileri 
and Anghileri, 1982; Campbell, 1983; Ebashi, 1984; 
Carafoli and Penniston, 1985; Rubin cl al., 1985). 

Structurally, calcium is involved with second messen¬ 
gers, neurotransmitters, biomembranes, mechanical 
stress and muscle proteins, and cell-to-ccll communica¬ 
tion. Chemically, it is involved in the release of hor¬ 
mones. It is required for the maximum activation and 
regulation of enzymes and proteins, and it also serves as 
an intracellular regulator in association with calmodulin 
and hormone cyclic nucleotides. Calcium helps to main¬ 
tain osmotic balance within cells by modulating cations, 
anions, and water permeability. It is also involved, in a 
variety of ways, in oxidation-reduction. Calcium's roles 
in tissue culture cells are also diverse: it is involved in 
adhesion, spreading, locomotion, cytokinesis, shape 
changes, and the closing of intracellular junctions. Fi¬ 
nally, calcium plays important roles in cell motility 
(ruffling, blebbing, locomotion, displacement of mass, 
migration, and chemotaxis of leucocytes). 

Isolation of calcium 

Davy began work on electrolysis after Volta's battery' 
appeared in 1800. He isolated components of alkali salts 


dissolved in water. In 1808 he announced the isolation 
of potassium and sodium as mutants. Using similar 
methods, he isolated barium, magnesium, calcium, and 
strontium (Leicester, 1956). 

Dobereiner (1829) then classified elements and found 
"triads" with similar properties. Calcium, strontium, 
and barium was one such triad, the atomic weight of the 
middle member being approximately the arithmetic 
mean of the weights of the other two elements. 

Level scheme of calcium 

The lowest energy state of calcium occurs wTen the 
two outer electrons are both in the 4s orbit. When the 
single level occurs, the triplet is non-existent. In calci¬ 
um's excited state, only one of the two outer electrons is 
excited, the other remains in the 4s state. The triplet lev¬ 
els are the so-called "metastable states." Via collision 
with other atoms, a calcium ion can drop to its "normal" 
state or the atom can absorb radiation to a state of higher 
excitation. It can then drop to the lowest level with the 
emission of radiation (Russell, 1927; Pauling and Goud- 
smit, 1930). 

Plaster of Paris 

The ancient Egyptians and Romans applied tech¬ 
niques of using plaster of Paris as it is know n today. The 
plaster bandage is hard setting and made of such compo¬ 
nents as gypsum (CaS0 4 ), starch, albumen, lead-vinegar, 
and spirits of camphor (van Rens, 1987). 

Gypsum w^as used by the Arabs in 1794 in the treat¬ 
ment of fractures. They placed the fractured limb in a 
mold and poured gypsum over the broken extremity 
(van Rens, 1987). 

In the 19th century, the use of plaster bandages was 
not easily accepted in Europe. The Thomas-urgoden 
splint was favored in England for quite some time. 

The "stone" 

Calculi (stones) can occur in any hollow organ in the 
body in which its fluid content is stagnant. Stones have 
been known since ancient times. Descriptions of them 
have been found in ancient Summarian (pre-Babylo¬ 
nian) and early Egyptian writings. Dissection of mum¬ 
mies more than 5000 years old have revealed calculi, and 
in 900 A.D., the Arabians devised an operation for the 
removal of bladder stones (Benton, 1972). 

In the 17th century, Boyle (1666) noted the formation 
of calcium w hen a calcite precipitate formed in sulfuric 
acid. Later, Fairfax (1667) and Slare (1683, 1693) re¬ 
ported "stones" in humans (see appendix). Black (1753) 
tried using limewater to dissolve urinary calculi. In 1797, 
Wollaston found renal calculi consisting of a mixture of 
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uric acid, calcium, magnesium, ammonium phosphate, 
and calcium oxalate. Nearly two centuries later, Thom¬ 
sen (1986) used laser beams to disintegrate kidney 
stones. In 1989, extracorporeal shock wave lithotripsy 
shatters kidney and biliary stones. The body is immersed 
in water (Health Scene, 1989). 

Hypotheses generation 

A number of concepts, hypotheses, mechanisms, 
models, postulates, and theories have been generated re¬ 
garding calcium since the 1st century A.D. 

Venantius Fortunatus (600 A.D.) used the Latin word 
“protoplasma," meaning “first created thing, proto¬ 
plast" (in Greek meaning “a moulded thing, figure, or 
form"). Muller (1786) described “droplets" in the proto¬ 
zoan Colpoda. This was an extrusion of the cell content 
into the surrounding water. 

Dujardin (1835) postulated the concept of a “sar- 
code," an elementary substance composing the proto¬ 
zoan. Dujardin (1841) observed film formation of cell 
cytoplasm emerging from Leucophrys striata, a proto¬ 
zoan parasite found in the earthworm. Von Mohl (1846) 
named the sarcode “protoplasm." 1 luxley (1868) consid¬ 
ered protoplasm “the physical basis of life." 

Fabre-Domerque (1888) and Kolsch (1902) observed 
film formation around droplets of extruded protoplasm 
from a cell. 

Fleilbrunn (1930) postulated the “surface precipita¬ 
tion reaction." When the cell cortex is broken, the 
emerging protoplasm forms a membrane to seal the 
break in the presence of calcium ion. When cells are im¬ 
mersed in calcium-free media, the protoplasm forms 
vacuoles and flows outward from the injured cell. 

Calcium is associated with a receptor protein in cells. 
In the “bleeders disease" where fibrinogen is inadequate, 
the blood does not clot because calcium, although pres¬ 
ent, has no fibrinogen to produce the fibrin required for 
blood clotting. 

It is evident that Ca needs an “acceptor protein" in 
the cell. Heilbrunn (1928) suggested ovalbumen for the 
Arhacia egg; Kretsinger (1978), a protein in the cytosol: 
and Chance (1965), formation of an intermediate Ca : 
( — 1) with the displacement of two protons—perhaps a 
metastable calcium as suggested by Pauling and Goud- 
smit (1930). Cheung (1980) suggested calmodulin, and 
others suggested leotonin, protein kinase, and protein ki¬ 
nase C. 

In summary 

Heilbrunn (1930) postulated the role of calcium in the 
cell, and the “surface precipitation reaction." 

Heilbrunn (1951) wrote that calcium plays many roles 
in the vital file processes uch as cell division, aging, sur¬ 
face precipitation reaction, clotting of blood and cells. 


muscle contraction, and in a variety of ailments—from 
acne to the hardening of arteries. 

Gross (1954) discussed the mechanisms for the yolk 
lysis reaction. 

Chance (1965) wrote about the accumulation of cal¬ 
cium. 

Fleckenstein (1977) discussed calcium antagonists 
such as verapamil. 

Kretsinger (1979) wrote on the theory and evolution 
of calcium in neurobiology. 

Cheung (1980) described calmodulin as playing a piv¬ 
otal role on calcium. 

Ebashi (1980) wrote that in 1960 there was consider¬ 
able doubt about the “calcium hypothesis." 

Campbell (1983) asked: does a stimulus activate 50% 
of the maximum possible “switched on" cells, or do all 
the cells give 50% of their individual response? 

Putney (1986) reviewed hypotheses on the mechanism 
of calcium entry into the cell. He also wrote about the 
calcium pump. 

Peterson (1987) discussed larger molecules, such as 
proteins and enveloping smaller molecules. 

PI n 'siological soliitions 

Ringer (1882, 1886, 1890) recognized the need for a 
physiological salt solution similar to the ionic content of 
blood. When calcium chloride was added to distilled wa¬ 
ter, life was sustained longer than in sodium and potas¬ 
sium solutions. 

Ringer and Sainsbury (1894) found that minute doses 
of lime salt were necessary for the survival of the worm 
Tubife.x. 

Locke (1893, 1894) found that calcium was necessary 
for the transmission of nerve impulses from nerve to 
muscle. 

Loeb (1906) wrote that life phenomena, and especially 
irritability, depend “on the presence in the tissues of a 
number of various metal proteids, or soaps (Na, Ca, K, 
and Mg) in definite proportions." Na-salts cause rhyth¬ 
mical contractions in striated muscle only if the muscle 
cells contain Ca-ions. When there is a lack of Ca-ions 
in the tissues, the Na-ions arc no longer able to cause 
rhythmical contractions. Because plants contain no 
muscle, there is no need for NaCl. 

Anesthesia 

Meltzerand Auer (1905-1908) observed anesthesia in 
a rabbit following injection of a solution of magnesium. 
Upon injection of a small amount of calcium solution, 
the rabbit awakened and was sensitive. Peck and Meltzer 
(1916) performed surgical operations in humans, using 
magnesium anesthesia. Dogs will also go into anesthesia 
with magnesium salts (Wiercinski, pers. obs.). 
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Active transport 

Huff (1935) suggested the concept of "active trans¬ 
port." Huff recognized the relationship of cellular metab¬ 
olism and the role of extracellular metabolites to be 
transported into the living cell and the transport of sub¬ 
stances out of the cell. The essential criteria are based on 
the following conditions in the living cell: (1) a concen¬ 
trated and hydrated product: (2) sensitivity to oxygen 
lack; (3) dependence on active metabolites; and (4) sensi¬ 
tivity to enzyme poisons. 

LeFevre presented work on the human red cell. Prior 
to his 1955 monograph, he wrote about the penetration 
of glycerol (1946). active transfer (1947). certain non¬ 
electrolytes (1948). active transport of monosaccharides 
(1954). and active transport through cell membranes 
(1954). 

Bresnick and Schwartz (1968, pp. 305-362) discussed 
active transport: methods of study, theories, drugs, hor¬ 
mones, and membranes. 

The active transport concept was accepted front 1955 
onward. However, the term "active transport" was used 
in different ways by various authors (see Giese, 1973, p. 
324). The relationship of sodium channels and calcium 
in active transport is currently (1987) being studied by 
Clay Armstrong at the Marine Biological Laboratory 
(Woods Hole, Massachusetts). 

Frog heart study 

Clark (1938) describes the following in the frog heart: 

(1) Duration of electrical and mechanical responses. 

(2) Excess, refractory period of the heart and calcium. 

(3) Heart's content of calcium. 

(4) Hypodynamic heart and calcium. 

(5) Lack, carbohydrate balance of heart with calcium. 

(6) Lack, electrical response of heart and calcium. 

(7) Lack, electrical response and metabolism. 

(8) Lack, heart arrest and phosphagen with calcium. 

(9) Lack, heart metabolism and action of calcium. 

(10) Lack, mechanical response of heart and calcium. 

(11) Loss of calcium in the heart on perfusion. 

(12) Plasma and content of calcium. 

(13) Sympathetic stimulation and liberation o( cal¬ 
cium. 

Electrical properties 

Living cells have an “electrical property.” Calcium re¬ 
acts with the isolated muscle fiber, as Niedergerke(1955) 
demonstrated with calcium and electrolytic transport in 
local contraction and partial relaxation. The calcium 
ions activate a link in the contractile cycle. An electrical 
stimulus causes contraction. Presumably, when it is sub¬ 
threshold. contraction is not elicited. 


Microinjection of freshly dissected muscle fibers 

It is recognized as a primary principle in the study of 
living organisms that the “living state” is of the utmost 
importance. 

Hober (1920) and Gillespie and Thornton (1932) 
found that all types of muscle lose the ability to contract 
in the absence of calcium. 

Keil and Sichel (1936) microinjected an aqueous solu¬ 
tion of M/200 CaCL and observed reversible contrac¬ 
tion. No quantity was stated. 

Graham and Sichel (1939) applied CaCL to a small 
portion of an isolated muscle fiber surface and observed a 
marked reversible shortening of the “muscle substance." 

Heilbrunn and Wiercinski (1947), in an extensive 
work to prevent contamination of solutions, used quartz 
distilled water from previously distilled water to prepare 
the solution to be microinjected. Quartz micropipettes 
were prepared for microinjection. These were “flamed" 
and reused. Pvrex micropipettes were used only once. 
Calcium ion at M/5000 caused a 50% “shortening” of 
the muscle fiber as compared to sodium and potassium 
ions in isotonic concentrations. Magnesium ion caused 
an extension of the muscle fiber (about 10% of the fiber 
volume). 

Niedergerke (1955) microinjected muscle fibers with 
calcium and electrolytic transport and saw contraction 
in a reversible state. 

Caldwell and Walster (1963) injected caffeine into 
crab muscle fibers. A contraction (contracture) was fol¬ 
lowed by a relaxation. The caffeine released the calcium 
from sarcoplasmic reticulum. 

Mechanism of muscle contraction 

Mines (1911) gave the first evidence for the role of cal¬ 
cium between excitation and contraction in muscle. 

Fanburg and Gergely (1965) reported that the mecha¬ 
nism for the relaxation and contraction of skeletal mus¬ 
cle may operate in heart muscle. Calcium accumulation 
for skeletal and cardiac cells is optimal when ATP. mag¬ 
nesium, and oxalate are present in the in vitro prepara¬ 
tions of sarcoplasmic reticulum and mitochondria. 

,\ lechanisms ofcooperativity 

Cell components must cooperate to maintain cell 
function. Calcium binding to cell organelles and mole¬ 
cules depends on concentration and affinity for proteins 
in the population of Na 1 . K\ Mg 2l \ Cl , SO: ", PO 4 \ 
etc. According to Pauling and Goudsmit (1929). calcium 
exists in a metastable state. This would involve electrons 
in cellular reactions (Peterson, 1987). Larger molecular 
mechanisms in cells can join with smaller molecules to 
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perform a variety of chemical functions in biological sys¬ 
tems. 

The most important mechanism of structure and 
function is cooperativity. Malphighi's discovery of the 
capillaries at least 200 years ago has recently been re¬ 
searched by Crone (1987) using the passage of solutions 
through capillary pores. Calcium may be an operative 
factor in the endothelial cells of the “endothelium de¬ 
rived relaxing factor" (EDRF). 

Accumulation of calcium (based on Bianchi, J96S) 

Chance (1965) postulated that accumulation of cal¬ 
cium can occur in the following steps (steps 5 and 6 are 
alternative mechanisms): 

(1) Passive diffusion of calcium through the outer 
membrane of mitochondria (in the cytosol) to binding 
sites on the inner membrane; 

(2) Formation of an intermediate of Ca 2 1) with the 

displacement of two protons; 

(3) Transport of the energy-rich intermediate com¬ 
plex across the inner wall of the mitochondria; 

(4) Binding of calcium to a phospholipid component 
of the inner membrane leading to the release of the com¬ 
ponents of the intermediate complex and the stimulation 
of respiration; 

(5) Formation of hydroxyapatite or calcium phos¬ 
phate crystals, thereby removing calcium from the mito¬ 
chondrial membrane wall and allowing further re-accu¬ 
mulation of calcium; 

(6) Neutralization of the liberated protons by carbox¬ 
ylic acids and mitochondria swelling. 

Trends 

Loewi (1912, 1918a,b) found that calcium is necessary 
for the digitalis effect on the heart. He also performed the 
classical “vagus-stoff" experiment (1921). Later it was 
found that the active principle is acetylcholine. Calcium 
is necessary' for this reaction. 

Chambers el al. (1926, 1930, 1932) did studies using 
micromanipulation on amoeba, starfish, and Arbacia 
eggs. 

Keil and Sichel (1936) observed the effect of injecting 
M/200 Ca 2+ ion concentration in isolated muscle fibers. 
They did not determine injection volume. 

Heilbrunn and Wiercinski (1948) microinjected Na + , 
K , Mg 2 , and Ca chlorides into isolated living adduc¬ 
tor magnus muscle fibers of the frog. M/5000 CaCL 
showed a 50% shortening of the muscle fiber. Isotonic 
MgCL produced relaxation. The injection volume was 
10% of the muscle fiber volume. This research brought 
Heilbrunn’s insight about calcium into focus. In re¬ 
sponse to this work, i leilbrunn and Wiercinski opposed 


Szent-Gyorgyi's notion that potassium ion was the pri¬ 
mary ion. 

A. V. Hill and Albert Szent-Gyorgyi caused the “hush 
of neglect." Hill thought of diffusion in a solid cylinder, 
before the discovery' of the sarcoplasmic reticulum. 
Szent-Gyorgyi applied ATP and K J ion in minced mus¬ 
cle to determine if this was the primary stimulus for mus¬ 
cle contraction. He made sure that the muscle prepara¬ 
tion he used was “dead" in contrast to Heilbrunn and 
Wiercinski's work with freshly dissected muscle fibers in 
calcium-free media. 

Stoltz and Bereiter-Hahn (1987, 1988) injected cal¬ 
cium by iontophoresis to observe sequestration in live 
endothelial cells in tissue culture. 

Colloid chemistry of protoplasm 

Heilbrunn (1928-1932) performed cutting experi¬ 
ments with Stentor and Amoeba and showed that the 
“naked protoplasm" quickly formed a film in calcium- 
containing solution. From these observations he postu¬ 
lated colloid chemistry as the basis of protoplasmic activ¬ 
ity. He believed that protoplasmic activity is transmitted 
from one part of a cell to another or from one cell to 
another. The reaction has three stages: (a) free calcium is 
liberated, (b) calcium unites with other materials to form 
a thrombin-like substance which, in the sea urchin, is 
named ovothrombin, and (c) a reaction occurs between 
this thrombin-like substance and another substance to 
form a precipitation product. He also found that ovo¬ 
thrombin is surface active at the rate of 25 cm/s, and that 
this is a self-propagating reaction. 

Surface precipitation reaction 

Heilbrunn (1928-1932) also described the surface pre¬ 
cipitation reaction. He noted that the reaction is retarded 
or inhibited by low temperature, that calcium is essen¬ 
tial, and that pigment granules play a role in the sea ur¬ 
chin egg. He also found that calcium is released in the 
cell interior, that calcium reacts with pigment granules 
or a constituent named ovothrombin, and that ovo¬ 
thrombin reacts with substances (sea urchin egg) in the 
protoplasm—presumably a protein—to cause vacuole 
formation. He also discusses the action of acids and alka¬ 
lies. 

Neurobiology: theory of function and evolution 

Kretzinger (1979) showed that many basic cellular 
mechanisms are common to all eukaryotic cells, are of 
common origin, and are related in evolution. 

Campbell (1983) showed that calcium plays a role in 
nerve terminals, ncurohormones, neuromuscular junc- 
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tions, neurones, neurophysin, neurosecretions, neuro¬ 
transmitters, and receptors. 

Mandel and Eaton (1987) and Snutch et al (1986) 
characterized voltage gated calcium channels in Xenopus 
oocytes after the injection of RNA obtained from electri¬ 
cally excitable tissues. Mandel and Eaton (1987) and 
Chad et al (1986) also showed that phosphorylation 
maintains calcium channel activity in dialyzed mollus- 
can neurons. 

Five postulates have been suggested for the intracellu¬ 
lar function in eukaryote cells. 

(1) All resting eukaryotic cells maintain a concentra¬ 
tion of free Ca 2+ in the cytosol between 1CT 7 d/and 10“ 8 
M. 

(2) The sole function of Ca 2+ within the cytosol is to 
transmit information through binding to a specific recep¬ 
tor. 

(3) The target of Ca 2+ , functioning as a second mes¬ 
senger, is a protein in the cytosol. 

(4) Calcium modulated proteins contain “E.F. 
hands" to maintain conformation (Krietzinger, 1978). 

(5) Cells initially extruded calcium so they could use 
phosphate as their basic energy currency; Ca 3 (P0 4 )2 is 
insoluble. 

Com pa risen of concepts 

Comparing Heilbrunn's (1928) work on the colloid 
chemistry of protoplasm with Kretzinger's (1979) work 
on the theory of the function and evolution of calcium, 
we find that each suggested five postulates about the 
function of calcium. Chance (1968) presented six postu¬ 
lates. 

Homeostasis 

Heilbrunn's general physiology textbooks (1938, 
1943, 1952) do not mention homeostasis. However, he 
does discuss the topic in his 1956 text The Dynamics of 
Living Protoplasm. 

Rasmussen and DeLuce (1963) reviewed calcium reg¬ 
ulation extensively. They mention (p. 147) isolated mito¬ 
chondria in calcium and phosphate exchange as a new 
approach to calcium. 

Mathews et al (1981) discuss the role of calcium in the 
organism as a reciprocal relationship between intracellu¬ 
lar and extracellular functions. Currently, it is believed 
that the intracellular ionic concentration is 10 M and 
the extracellular is 10 -3 M. A proper ionic intracellular 
calcium level is maintained by the mitochondria (p. 
424). In bone mineralization, large amounts of calcium 
and phosphate arc utilized. 

The general physiological effects of calcium can acti¬ 
vate or control basic physiological processes, such as irri¬ 
tability, contractility, conduction, secretion, mitosis, re¬ 


production, and integration. The role of calcium in spe¬ 
cial nerve organs, other tissues, and cell types is being 
investigated. 

McGrath et al (1986) showed that active transport 
through the bone membrane appears to be involved in 
the regulation of calcium levels in the blood stream. The 
present development limits the possible active transport 
mechanisms for the mineral dissolution/deposition to an 
outward-directed pump for the hydrogen ion, an out¬ 
ward-directed pump for the phosphate ion, or an inward- 
directed pump for the hydrogen ion. 

Stoltz and Bereiter-Hahn's (1987) observations sup¬ 
port the assumption of two sequestration mechanisms: 
(1) a high affinity for Ca 2+ capacity and a low affinity for 
Ca 2+ (5 X 10 15 mols ! ) and (2) a low affinity for Ca 2+ 
and a high capacity (10-40 X 10~ 15 mols -1 ) for calcium 
accumulation. These mechanisms are saturable. The 
high affinity Ca 2+ compartment is the endoplasmic retic¬ 
ulum, and the low affinity system is the mitochondrion. 
There is a five- to eight-fold higher Ca 2+ sequestration 
capacity, and the velocity of sequestration is equal in 
both cell types (XTH2 and primary cells). 

Calcium homeostasis 

Claude Bernard (1878) proposed constancy of the in¬ 
ternal environment ofanimals and plants. Subsequently, 
biologists have made a considerable effort to understand 
the regulation of this internal environment. The endo¬ 
crine systems, the parathyroid gland, vitamin D-hor- 
mone, modern-day calcitonin, phosphate (ATP), and 
the mitochondria play roles in the integrated organic 
scheme. 

Cannon (1932) postulated that homeostasis controls 
the internal environment of warm-blooded animals. Ox¬ 
ygen, pH. salts, food (glucose, amino acids, lipids), pro¬ 
teins, and blood concentrations are maintained within 
narrow limits. However, Richards (1953) criticised ho¬ 
meostasis. He claimed that in chronic disease, homeosta¬ 
sis does not prevail in all functional bodily processes. 

Rasmussen and DeLuca (1963) discussed the parathy¬ 
roid gland's role as an essential calcium control system 
in the mammal. In evolution the parathyroids first ap¬ 
peared in the amphibia. Teleosts all possess a calcified 
endoskeleton. Salmon, in their migratory passage from 
the sea to fresh water, achieved calcium homeostasis in 
spite of the dramatic fluctuations in the calcium content 
of the external environment. This happens without para¬ 
thyroid glands. It is suggested that the role of the D vita¬ 
mins in calcium homeostasis is older in evolution than 
the parathyroids. Calcium, phosphate, and vitamin D 
are essential in the diets of all higher animals. 

In summary (pp. 164-165), the parathyroid hormone, 
vitamin D, and phosphate function in the cellular accu- 
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mulation and transport of calcium in a variety of tissues. 
Vitamin D regulates the activity of calcium-specific sys¬ 
tems in cellular and mitochondrial membranes. The 
ability of cells in epithelium to bring about the net trans¬ 
fer of ions, as distinct from ion accumulation, is related 
to structural characteristics and polarity. 

Bianchi (1968) wrote that in mammals, calcium and 
phosphate are controlled by parathyroid hormones, vita¬ 
min D, and thyrocalcitonin in intracellular and extracel¬ 
lular function. Over-secretion of parathyroid results in 
osteitis fibrosa cystica, absence of vitamin D causes rick¬ 
ets in the young and osteomalacia in the adult, and over¬ 
production of thyrocalcitonin may be related to osteopo¬ 
rosis. The underlying causes of disturbances in phos¬ 
phate and calcium metabolism affect calcium transport 
across cell membranes and intracellular organelles. 

Protein kinase and protein kinase C 

A Ca 2+ phospholipid-dependent protein kinase is rec¬ 
ognized as a pivotal regulatory element in signal trans¬ 
duction, tumor promotion, cell regulation and rat brain 
cytosol (see below). 

Protein kinase and protein kinase C are reported in 
Methods in Enzvmology (1987) and by Mandel and Ea¬ 
ton (1987) (see also Chad et al. , 1987, for protein kinase, 
and Strong et al., 1987, for protein kinase C). 

Several methods have described protein kinases (phos- 
phoproteins) from bovine heart, pig spleen, rat brain, 
rabbit renal cortex, and rabbit brain. When assessed with 
a 7-9% acrylamide gel, it is tentatively identified as hav¬ 
ing an “apparent" molecular weight of80,000. “On 18%o 
acrylamide gel, it migrates with an apparent molecular 
weight of about 120,000" (p. 419, Methods in Enzy- 
mology). 

The calcium paradox and the multifaceted behavior of 
the calcium ion 

Durrierand Meijler (1983) wrote that the calcium par¬ 
adox is only one aspect of the multifaceted behavior of 
the calcium ion in all living material, but together in its 
role in the myocardial excitation complex it is a very im¬ 
portant one. One of the most important spin-offs of the 
study of the effects of calcium on living tissue is the dis¬ 
cover} of calcium antagonists (Fleckenstcin, 1977). 

As early as 1920 (see Heilbrunn, 1937, p. 348), there 
is a literature on “paradoxes." These include a potassium 
paradox, a calcium paradox, and a thermo paradox. Can 
these occur jn the metastable state of calcium (Pauling 
and Goudsmit, 1930): 

The future uf the calcium paradox model—for myo¬ 
cardial, ischaemic and pre-perfusion damage—depends 
on the development ot compounds that may protect the 
myocardium. 


Anghilen and Anghileri (1982) 

Volume 1 discusses the chemistry 7 of calcium and gives 
both the theoretical and practical basis to interpret its 
role in the function of normal and pathological biologi¬ 
cal systems. The precipitation process of hydroxyapatite 
(HAP) as it relates to bone and tooth is reviewed in detail. 
Mathematical models for analyzing calcium kinetics are 
discussed. 

Volume 11 reviews the role of calcium in membrane 
stability and the regulation of various membrane func¬ 
tions. It describes basic properties of the mechanisms for 
calcium inflow 7 and outflow across the plasma mem¬ 
brane. It also assesses the results of investigations of 
plasma membrane, calcium movement in other tissues 
and summarizes the effects of hormones, neurotransmit¬ 
ters, other cell stimuli, and cell injury 7 on these processes. 

Volume III examines the role of calcium in the insulin 
release process, in taste and olfactory 7 functions, and in 
dentinogenesis. 

Calcium out of control 

Poole-Wilson et al. (1984) wrote that calcium is inva¬ 
sive in myocardial cell necrosis following severe hypoxia 
or ischaemia. The mechanisms are: (1) lack of energy, 
loss of enzyme systems, (2) mechanical effects, damage 
of the structural matrix of the cell, and (3) membrane 
damage in the mitochondria and sarcolemma. The com¬ 
mon pathway is cell necrosis, and calcium “overloads" 
the cell. A causal mechanism is the accumulation of cal¬ 
cium during myocardial hypoxia or ischaemia followed 
by reoxvgenation or pre-perfusion related to the develop¬ 
ment of cell necrosis. 

Pools 

The idea of “pools" for calcium and other ions derives 
from the observations of food vacuoles in protozoa. Pro¬ 
tozoa, such as Amoeba, take in food particles at the edge 
of the plasmalemma forming a food vacuole. Undigested 
particles are subsequently expelled by the food vacuole. 
Paramecium has a gullet for taking in food particles (en- 
docytosis) and smaller protozoans. The undigested por¬ 
tion is taken into a contractile vacuole that is expelled 
(exocytosis) through the micropyie of the cuticle or 
cortex. 

Heilbrunn (1937) suggested that bound calcium exists 
in the living cell. For example, calcium is bound in the 
cortex of the cell. Stimulation from a wide range of phe¬ 
nomena could elicit the release of calcium from the cor¬ 
tex—a pool. A 10 jum cell, as suggested by Brown (1984), 
is the typical size of cells in many tissues. The cortex 
could easily hold a pool of 3000 calcium ions. Permease 
could release this calcium to the cytosol. This would be 
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in equilibrium with the calcium concentration of 10 7 
to 10 8 . 

How many calcium ions enter a living cell under phys¬ 
iological conditions? The calcium ion has an invasive ac¬ 
tion. When present in the cytosol in any amount greater 
than 10 to 10 \ it causes breakdown of cellular func¬ 
tion. Brown (1984) considered a spherical cell of 10 jum 
diameter. How’ many calcium ions would a cell this size 
require? Considering the concept of calcium pools in the 
cytosol of small cells (10 jum diameter), how' many cal¬ 
cium ions would be present in a pool? The intracellular 
environment and anatomy of the cell should be consid¬ 
ered. Brown considered 10 s intracellular calcium activ¬ 
ity: “The cell would contain about 3000 free Ca ions/’ 
Where are these Ca ions located in the cell? How many 
would be used during and following an “action poten- 
tiar? What would be the number of Ca ions in a pool? 
Also, how many pools exist in the cytosol of a small cell? 
Have “pools" been detected as morphological entities? 
Porter (1961) found the endoplasmic reticulum, which 
extends from the cell membrane to the nucleus around 
the mitochondria and the Golgi apparatus. 

At least three pools have been found in the cytosol of 
secretory cells (Campbell. 1983, p. 329). The cortex or 
cell membrane would be the site from which calcium 
ions can enter the cytosol to be stored in a pool (endocy- 
tosis). An event such as an action potential elicited by a 
stimulus would release calcium (exocytosis). 

Campbell (1983, p. 224) writes that intracellular cal¬ 
cium can be altered by several mechanisms: (1) an effect 
on the permeability of the cell membrane, (2) An effect 
on the intracellular store, and (3) an effect on the calcium 
pump. 

An acceptor protein with a chemotactic property 
would be a cyclic AMP protein kinase. In vitro studies 
have shown soluble and insoluble membrane-bound 
proteins. 

There are calcium channels in the cortex as well as an 
endoplasmic reticulum in the cytoplasm. The molecular 
mechanism of intracellular calcium is as a regulator. 

Calcium antagonists 

A group of organic drugs block the entrance of calcium 
into living cells. The invasive property of calcium is to 
enter damaged cells. The surface precipitation reaction 
is a cell's response to injury. 

In heart disease the heart cells could be damaged and 
the adverse action of calcium would cause the cell to dis¬ 
integrate. But by preventing calcium from entering the 
cell, can it repair itself? 

The classical experiment of crushing a cell under a 
coverslip on a microscope slide in a calcium environ¬ 
ment produces the surface precipitation reaction. Cyto¬ 


solic calcium keeps the nucleus and the cellular organ¬ 
elles (ribosomes, liposomes, mitochondria, etc.) in an in¬ 
tact membrane. 

Fleckenstein et ai (1966/1967) coined the term “cal¬ 
cium antagonist." Godfraind and Kaba (1969) showed 
inhibition of calcium by cinnarizine and chlorproma- 
zine of contraction in vascular smooth muscle. Nichols 
and Wasserman (1971) compared external and internal 
exchange of calcium in isolated cells. Rahwan and Wit- 
iak (1982) wrote that calcium entry into cells depends on 
the diversity of structure in multiple modes of action and 
sites of action. 

Naylor and Dillon (1986) wrote: 

“Ca antagonists are a novel group of drugs useful in 
management of a variety of cardiac disorders. They differ 
from one another in terms of their chemistry, tissue spec¬ 
ificity and selectivity. As a group, however, they share the 
common property of slowing Ca 2+ entry' through volt- 
age-activated, ion-selective channels. Some of them ex¬ 
hibit other properties, including that of interfering with 
Na + transport. At least one of them, diltiazem, has an 
intracellular action. Specific high and low affinity bind¬ 
ing sites have been identified for tw o of the major groups 
of Ca :+ antagonists, with the binding sites for verapamil 
and its derivatives being distinct from those which can 
be occupied by the dihydropyridines. The number (B max ) 
and affinity (K D ) of these binding sites changes under cer¬ 
tain pathological conditions—including a reduction in 
ischaemia and in spontaneous hypertension, and in¬ 
crease in the latter, at present, only demonstrated for the 
dihydrpyridine binding sites. The sensitivity of a particu¬ 
lar tissue to these drugs will depend upon a number of 
factors including the number of binding sites that are 
present, the contribution made by the Ca 2+ entering tis¬ 
sue, and properties w hich are peculiar to a particular type 
of verapamil, they exhibit use-dependence." 

Moser (1986) discusses calcium entry blockers in a his¬ 
torical perspective on the management of hypertension. 
These drugs lower blood pressure by reducing peripheral 
resistance through the vasodilation of the blood vessels 
and capillaries in blocking calcium that acts as a power¬ 
ful vasoconstrictor. 

Calcium homeostasis control 

In their volume on calcium antagonists. Van houtte et 
ai (1988) include many papers to define the existence of 
various types of calcium channels. They write: 

“The clinical perspective is represented by the most 
recent cardiovascular, renal, gynecological, endocrino¬ 
logical and neurological applications of calcium antago¬ 
nism research; the ever widening circle of disorders to 
which calcium antagonists are being applied now include 
heart failure, hypertension, stroke, migraine headaches. 
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epilepsy, vertigo, dysmenorrhea, and certain disfunc¬ 
tions of the kidney and liver." 

Historical reviews and a broad survey of current re¬ 
search define new directions for future research. For ex¬ 
ample, work pointing toward the treatment of long-term 
diseases, particularly atherosclerosis, is discussed, and 
data are presented that indicate that some calcium antag¬ 
onists enhance low-density lipoprotein uptake by in¬ 
creasing the number of low-density lipoprotein recep¬ 
tors. These data, which indicate that calcium antagonists 
could be active at the gene level and thus affect mRNA 
and protein synthesis, suggest entirely new approaches to 
drug research. 

The possibility that calcium antagonists influence the 
central nervous system is explored. Researchers look for¬ 
ward to neural applications, such as protecting the brain 
against ischaemia and anoxia, that could prove as bene¬ 
ficial as the cardiovascular application. 

The events triggered by exaggerated calcium influx 
and release clarifies how the harm caused by these events, 
which undoubtedly contribute to cell death, have 
prompted scientists to attempt the control ofcalcium ho¬ 
meostasis by reducing excessive calcium influx, facilitat¬ 
ing intracellular calcium buffering, and counteracting 
calcium-evoked reactions. 

Conceptual advances 

Examination of current calcium literature indicates 
that there has been little, if any, inquiry into the molecu¬ 
lar mechanisms that no doubt are involved in calcium at 
the atomic level. Dr. Robert Silver (Cornell University, 
pers. comm.) is observing one atom in the cytosol of the 
sand dollar egg using video microscopy techniques. 

Conceptual advances in cellular recognition elements 
have recently been made involving cell receptors. Four¬ 
teen types of receptors that are specific for biological 
molecules in the cell have been recognized. 

Putney (1986) and Peterson (1987) suggest a model for 
receptor-regulated calcium entry. Five previous hypoth¬ 
eses are reviewed. Putney's proposed model is termed 
“capacitative Ca 2+ entry/' 

Clearly, all living cells are born with the inherent elec¬ 
trical property of life. Calcium does not “work" in the 
biological sense in non-living cells. 

Unanswered questions 

Much has been written regarding calcium's entry into 
and out of the living cell and its role in cell death. Re¬ 
cently developed techniques used by calcium researchers 
have opened up a vista ol complex biochemical reac¬ 
tions. 

Calcium is essential lor life. It is present in plants and 
in the blood of animals, and it is used, as needed, in cellu¬ 


lar functions. But what happens in the living cell? How 
many things can happen or be contained in one cell? Fi¬ 
nally, what is the role of calcium in the living organism 
both on earth and in outer space? 

Summary 

After examining the extensive chronology about cal¬ 
cium, 1 have attempted to discuss the fundamental im¬ 
plications of calcium in a reciprocal role in maintaining 
the extracellular and intracellular functions in biological 
systems. Homeostasis is maintained in the living organ¬ 
ism by numerous mechanisms, but this is not so in the 
diseased state. 

The receptor protein calmodulin, protein kinase, pro¬ 
tein kinase C, and a number of other proteins have been 
described. The calcium paradox found in cardiac muscle 
function remains. Why calcium? 

The question, as yet, goes unanswered. No other sub¬ 
stance is capable of maintaining, with the cooperativity 
of organismic systems, normal homeostasis while per¬ 
forming biological, building, and physiological func¬ 
tions. 

In summary, this paper is merely an overview—a 
small piece of the much larger, complex, and ever-chang¬ 
ing puzzle that is calcium. 

Acknowledgments 

1 owe much to my colleagues during the four-year 
preparation of this manuscript. My sincere thanks to Dr. 
William Adelman Jr., National Institutes of Health; Dr. 
Jane Kaltenbach Townsend, Mount Holyoke College, 
for critical discussion: Dr. Alan Hodge, National Insti¬ 
tutes of Health, for discussion; Mrs. Emma M. Barrow, 
for criticism, proofreading, and clerical assistance; Mrs. 
Dorothy Martin, for secretarial help and word process¬ 
ing; and the stalk of the MBL Library: Mmes. Jane Fes¬ 
senden, Heidi Nelson, and Pat Pratson for their patience 
and kindness, and, especially, Judv Ashmore, for her un¬ 
tiring efforts to locate material from a variety of sources. 
Support from the Folk Fund of the American Physiologi¬ 
cal Society is gratefully acknowledged. 

Recent References 

Anghileri, E. J., and A. M. Anghileri. 1982. The Role of Calcium in 
Biological Systems, Vol. 1,11, and 111. CRC Press, Boca Raton, FL. 
Berne, R. M., and M. \. Eety. 1983. Physiology. C. V. Mosby and 
Co.. Si. Louis. 

Calcified Tissue Intel national. 1985. Vol. 35, 825 pp. 

Campbell, A. K. 1983. Intracellular Calcium. Wiley, Chichester, En¬ 
gland. 

Ebashi, S. M., K. Endo, S. lmahori, S. Kuchiudi, and Y. Nashi/uko. 
1984. Calcium Regulation in Biological Systems. Academic 
Press, New York. Pp. 3-16, 174-185. 

Grinnell, A. D., D. Armstrong, and M. B. Jackson, eds. 


CALCIUM, AN OVERVIEW 


211 


1988. Calcium and Ion Channel Modulation Plenum Publishing 
Corp., New York. 436 pp. 

Health Scene. 1989. Holy Family Hospital. Des Plaines, IL. P. 7. 

Kaplan, 11. S. 1983. Symposium on new antihypertensive drugs. Fed. 
Proc. 42: 153-199. 

iMandcl. L. J., and I). C. Eaton. 1986. Cell Calcium and the Control 
of Membrane Transport. Soc. Gen. Physiol. 40th Symp. Rockefeller 
Press, New York. 

[Martin, C. R. 1985. Endocrine Physiology. Oxford University Press, 
Oxford. 

Robertson, 1967. Protons, Electrons, Phosphorylation, and Active 
Transport. Cambridge Monographs in Experimental Biology. Cam¬ 
bridge. 96 pp. 

Rubin, R. P. 1974. Calcium and the Secretory Process. New' York. 

Rubin, R. P. 1982. Calcium and Cellular Secretion. Plenum Press, 
New York. 

Ruegg, J. C. 1986. Calcium in Muscle Action. 1 Comparative Ap¬ 
proach. Springer-Verlag, Heidelberg. 

Schwartz, L. M„ and IM. G. Azar, eds. 1981. Advanced Cell Biology. 
Van Nostrand Reinhold Co., New York. 

Smith, R. D. 1983. Calcium entry blockers. Fed Proc. 42: 201-206. 

Spiro, T. G. 1983. Calcium in Biology. J. \\ Ley and Sons. New 
York. Pp. 237-270. 

Literature Cited 

Abdel-Latif, A. A. 1986. Calcium mobilizing receptors, polyphos- 
pholinositides, and the generation of second messengers. Pharm. 
Rev. 38: 227-272. 

Vlda>-Redonnet, T. 1920. Sensibilisierang des Trandelenburgschen 
Frosch-praparates zur Adrenalinmessung. Biochem. Zeitschr. 110: 
306-318. 

Alexander, A. E., T. Teorell, and C. G. Aborg. 1939. A study of films 
at the liquid/liquid interface. Trans. Faraday Soc. 35: 1200-1205. 

Anghileri, L. J., and A. IM. Angliileri. 1982. The Role of Calcium in 
Biological Systems, Vols I—III. CRC Press, Boca Raton, Florida. 

Arnold, J. M. 1975. An effect of calcium in cytokinesis as demon¬ 
strated with ionophore A23187. Cytobiologie 11 : 1-9. 

\shkenaz, E. 1938. Magnesium narcosis in muscle. Magnesium an¬ 
esthesia in isolated frog muscle fibers. J. Cell Comp. Physiol. 11: 
163-173. 

\shley, C. C., and A. K. Campbell. 1979. Detection and Measurement 
of Free Ca * ~ in Cells. Elsevier, New York. 

Augustine, G. J., M. P. Charlton, and S. J. Smith. 1987. Calcium 
action in s> naptic transmitter release. Ann. Rev. Xeurosci 10: 633- 
693. 

Axelrod, A. E., K. F. Swingle, and C. A. Ehelijem. 1941. The stimula¬ 
tor} effect of calcium upon the succinoxidase activity of fresh rat 
tissues .J Biol. Chem. 140:931-932. 

Bacq, Z. M., and A. Rosenbleuth. 1934. The action of calcium and 
potassium ions on the nictating membrane, the adrenal medulla, 
and the pregnant uterus of the cat. Am. J. Physiol. 108: 46-60. 

Bailar, J.C., I1..I. Emeleus, R. Nyliolm, and \. F.Trotman-Dickenson. 
1973. Comprehensive Inorganic Chemistry. Oxford. 

Buile>, K. 1942. Myosin and adenosine triphosphate. Biochem. J. 36: 
121-139. 

Beeson, P. B., and \Y. McDermott. 1975. Textbook of Medicine. Phil¬ 
adelphia. Pp.1564-1565. 

Benecke, W. 1907. Uber die Giftwirkungsershiedener Salz aufSpiro- 
gyra und ihre Entgiftung durch Calciumsalze. Ber. Deutsch. Bot. 
Ges. 25: 322-336. 

Benton, W. (Publisher). 1972. Encyclopedia Britannica Vol. 4: pp. 
596-597. Chicago, 1L. 

Berdoe, E. 1893. The Origin and Growth oj the Healing Art. Swan 
Sonnenschein Co., London. 

Berne, R. M., and M. N. Let). Editors. 1983. Physiology: Endocrine 


Regulation of Calcium and Phosphate Metabolism. C. V. Mosby 
and Co., St. Louis. Pp. 949-970. 

Berridge, M. J. 1985. The molecular basis of communication within 
the cell. Sci. Am. 253: 142-152. 

Berridge, iM. J. 1985. The molecules of life. Sci. Am. 253: 48-184. 

Bcutner, R. 1939. The local anticonvulsive action of calcium salts. 
Proc. Soc. Exp. Biol. Med 42: 547-549. 

Bianclii, C. P. 1968. Cell Calcium. Butterworth, London. 

Biedermann, W. 1896. Electrophysiology, Vol. / and II. Translated 
by Francis A. Welbv.pp. 104, 105,221, Vol. I. MacMillan, London. 

Bignold, L. P. 1987. Ameboid movement: a review and a proposal of 
a “membrane rachet” model. Experenlia 43: 860-868. 

Black, J. 1753. A Dictionary of Scientific Biography. Vol. IL Scrib¬ 
ner’s Sons, New York, 1970, pp. 174-176. 

Bockris, J. O. M., and A. R. N. Reddy. 1977. Modern Electrochemis¬ 
try, I 'ol. 2 . Plenum Press, New York. 

Bouckaert, J. P., and J. Colic. 1927. Excitabilite et contractilite du 
Muscle de Grenouille en fonction de la Teneuren CaCL du Liquide 
de Perfusion. Compt. Rend. Soc. Biol. 96: 434-437. 

Boyle, R. 1666. An Account of a Book, very lately published, entitled. 
The Origin of Forms and Qualities, illustrated by Considerations 
and Experiments, by the Honourable Robert Boyle. No. I 1; April 
2, 1666. pp. 191-197. Phil Trans. 

Breder, C. M. 1933. The significance of Ca to marine fishes on invad¬ 
ing fresh water. Amu. Ree 47: Suppl. p. 57, Abstract No. 68. 

Breder, C. M. 1934. Ecologv of an oceanic fresh-water lake, Andros 
Island, Bahamas, with special reference to its fishes. Zoologica 18: 
57-88. 

Brinkliouse, K. IM. 1940. Plasma Prothrombin. Medicine 19: 329- 
416. 

Brown, A. IM. 1984. Functional properties of calcium channels. Pp. 
171-184 in Calcium Regulation in Biological Systems, S. Ebashi, 
ed. Academic Press, New York 

Buchanan, J. W. 1935. Analysis of physiological states responsible for 
anterior-posterior disintegration in Planaria dorotoeephala Pro¬ 
toplasma 22: 492-5 12. 

Burridge, \V. 1922. Experiments with cocaine. Arch. Int. Pharmaco- 
dyn. Ther. 16: 115-128. 

Calcified Tissue International. 1985. Vol. 35: 825 pp. 

Camac, C. N. B. 1931. (Reprinted 1977.) Imhotep to Harvey . Back¬ 
ground of Medical Anatomy Longwood Press, Boston, Massachu¬ 
setts. 

Caldwell, P. C. and G. Walser. 1963. Studies on the microinjection 
of various substances into crab muscle fibers. J. Physiol. 169: 353— 
372. 

Campbell, A. K. 1983. Intracellular Calcium: Its Universal Role as 
Regulator John Wiley and Sons, Chichester, England. 

Carafoli, E., and ,1. T. Penniston. 1985. The Calcium Signal. Sci. Am. 
253: 70-78 (references, p. 178). 

Carafoli, E., F. Clementi, \Y. Drabakowski, and A. Margreth. 
1975. Calcium Transport in Contraction and Secretion. North 
Holland Publishing, American Elsevier, New York 

Carriker, M. R., and E. II. Smith. 1969. Comparative calcibiocaritol- 
ogy: summary and conclusions. Am. Zool. 9: 1011-1020. 

Carriker, IM. R., E. 11. Smith, and R. T. Wilce. 1969. Penetration of 
calcium carbonate substrates by lower plants and invertebrates. Am 
Zool. 9:629-1020. 

Castillo, J. del, and L. Stark. 1952. The effect of calcium ions on the 
motor end-plate potentials../ Physiol. 116:507-515. 

Chafouleus, J. A., \V. E. Bolton, IL liidaka, and A. R. Heuns. 
1984. Calmodulin and the cell cycle. Involvement in the regula¬ 
tion of cell progression. Cell 28: 41-50. 

Chambers, R., and II. R. llale. 1932. The formation of ice in proto¬ 
plasm. Proc. R Soc. Land B 110: 336-352. 


212 


F. J. WIERC1NSK1 


Chambers, R., and R. B. Holland. 1930. Nlicrugical studies in cell 
physiology. VII. The action of the chlorides of Na, K, Ca. and Mg 
on vacuolated protoplasm. Protoplasma 11: 1-18. 

Chambers, R., and P. Reznikoff. 1926. Micrugical studies in cell phys¬ 
iology. 1. The action of the chlorides of Na, K, Ca, and Mg on the 
protoplasm of Amoeba proteas. J. Gen Physiol. 8: 396-401. 

Chance, B. 1965. The energy linked reaction of calcium with mito¬ 
chondria. J. Biol. Ghent. 240: 2729-2748. 

Cheung, W. V. 1980. Calmodulin plays a pivotal role in cellular regu¬ 
lation. Science 207: 19-27. 

Clark, A. J. 1938. The Metabolism of the Frog's Heart. Edinburgh, 
Scotland, and London, England. 

Colow iek, S. P., and N. O. Kaplan. 1987. Methods in Enzymologv , 
14 399-435. Cellular Regulators Academic Press, New York 

Considine. P. M. (ed.). 1976. 1 'an Nostrand's Scientific Encyclopedia, 

5th Edition, Calcium. Pp. 400-403. Calcite. New York. 

Costantin, L. L., C. Franzini-Armstrong, and R. J. Podolsky. 
1965. Localization of calcium accumulating structures in striated 
muscle fibers. Science 147: 3654. 158-160. 

Costello, D. 1932. The surface precipitation reaction in marine eggs. 
Protoplasma 17: 239-257. 

Crone, C. 1987. The Malpighi lecture. From “Porositates carnis” to 
cellular microcirculation, hit. J. Mierocirc. Clin. E.xp. 6: 101-122. 

Daniel, J. F. 1908. The adjustment of Paramecium to distilled water 
and the bearing on the problem of the inorganic salt content. Am. 
J Physiol. 23: 48-63. 

Da\y, II. 1808. I. The Bakerian lecture on some new phenomena of 
chemical changes produced by electricity, particularly the decom¬ 
position of the fixed alkalies, and the exhibition of new substances 
w hich constitute their bases: on the general nature of alkaline bod¬ 
ies. Phil. Trans. 98: 1-44. 

Davy, 11.1808. XX111 Electrochemical researches on thedecomposi- 

tion of the earths; with observations on the metals obtained from 
the alkaline earths, and on the amalgam procured from ammonia. 
Phil. Trans. 98: 333-370. 

Dawson, G. G. 1935. Healing , Pagan and Christian. London Society 
for Promoting Christian Knowledge (p. 53 for diarrhea). 

Dele/enne, M. C. 1905a. Activation du sac pancreatique par les gels 
de calcium. Compte Rend Soc. Biol. 59: 476-478. 

Delezenne, INI. C. 1905b. Sur le Role des Sels Dans L'Activation du 
Sac Pancreatique. Specificite du Calcium. Compte R. Soc. Biol 59: 
478-480. 

Delezenne, M. C. J905e. Action des Sels de Calcium. Sur le Sac Pan¬ 
creatique para la Element. Compte Rend Soc. Biol 59: 523-525. 

Delezenne, M. C. I905d. Sur L'Activation du Sac Pancreatique par 
les Sels de Calcium. Action Antagoniste des Sels de Potassium. 
Compte. Rend. Soc. Biol. 59: 614-616. 

Dobereiner, J. \Y. 1829. (Local citation from Leicester, 1956.) 

Doflein, F., and E. Reichenow. 1927. Lehrbuch der Protozoenkunde . 
5th Edition. Part. I. Jena. 

Dujardin, E. 1835. Recherches sur les organismes interieurs. 111. Sur 
les pretendus estomacs des animalcules lnfusoires et sur une sub¬ 
stance appelee Sarcode. Ann Sci. Sat. Zool. 4: 364-377. 

Dujardin, E. 1841. Jhstotre Natttrelle des Zoophytes. Pans. Lib. en- 
cycloped. de Roret. (Froma Heilbrunn, 1928.) 

Durrier, D., and F. L. Meijler. 1983. Past and future of the calcium 
paradox. Ear Heart J 4: l-2(suppl.). 

Eagle, II. 1937.. Recent advances in the hlood coagulation problem. 
Medicine 16: 95-138 (resiews on blood clotting). 

Ebaslii, S. 1980. Regulation of muscle contraction. Proc. R. Soc. 
Land. B. 207: 259-286. 

Ebaslii, S., and M. Endn. 1968. ( akium ion and muscle contraction. 
Prog. Biophys. Mol. Biol. 18: 123-183. 

Ebashi, S., M. Endo, K. Irnahori, S. Kakuichi, and Y. Nishizuko. 


1984. Calcium Regulation in Biological Systems. Proc. 2nd 
Takeda Symp. Biosci., 1983. Academic Press, New York. 

Edsall, J. T. 1954. Pp. 246 in ton Transport Across Membranes , 
H. T. Clark, ed. Academic Press, New York. 

Eggleton, M. G., P. Eggeletnn, R. Gaddie, and C. P. Stewart. 1938. In 
The Metabolism of the Frog's Heart, A. J. Clark, ed. Oliver and 
Boyd, Edinburgh. 

Ellis, \V. G. 1933. Calcium and the resistance of Nereis to brackish 
water. Nature 132: 748. 

Ellis, W. G. 1937. The water and electrolyte exchange of Nereis diver- 
sicolor (Mfiller). J E.xp. Biol. 24:340-350. 

Engbaek, L. 1952. The pharmacologic actions of magnesium ions 
with particular reference to the neuromuscular and the cardiovas¬ 
cular system. Pharmacol. Rev. 4: 396-414. 

Esmon,C.T., and C. M. Jackson. 1974. The conversion of prothrom¬ 
bin to thrombin. IV. The function of the fragment of 2 regions dur¬ 
ing the presence of factor V../ Biol. Chem. 249: 7791 -7797. 

urn Euler, l. S. 1937. Studien uber die Gewebsoxvdationen in 
Muskel und Muskelextrakten. Ein wirkung von Ca-lonen auf die 
Oxydationen in Muskel und Muskelextrakten. Skand. Arch. Phys¬ 
iol. 77:219-223. 

Evans, M. L., R. .Moore, and K.-1J. Ilasenstein. 1986. How roots re¬ 
spond to gravity. Sci. Am. 225: 112-119. 

Fabre-Dnniergue. 1888. Reserches anatomic et physiologiques sur les 
lnfusoires cilies. Ann. Sci. Nat. Zool. 7(5): 1. 

Fairfax. 1667. Account of a great number of stones found in one 
bladder. (Trans) Phil. Trans. (Abridged) Vol. II: No. 26, 482. 

Fanburg, B. and J. Gergely. 1965. Studies on adenosine triphosphate- 
supported calcium accumulation by cardiac subcellular particles. J 
Biol. Chem. 240:2721-2728. 

Federation Meetings. 1967. pH and Ca in muscle. Chicago. 

Federation Proceedings. 1983. Calcium, phosphorus and related ele¬ 
ments. 42: 396-398. 

Ferguson, S. 11.194(1. Blood: coagulation. Biophysical characteristics 
and formed elements. Ann. Rev. Physiol. I: 71-108. 

Fitting, 11. 1927. Untersuchungen uber Chem dinasebei Vallisneria. 
Jarb. U'iss. Bot 67:427-594. 

Fleckenstein, A. 1977. Specific pharmacology of calcium in myocar¬ 
dium, cardiac pacemakers and vascular smooth muscle. Ann. Rev. 
Pharmacol. Toxicol 17: 149-166. 

Fleckenstein, A., II. J. During, and II. Kammermeir. 1966/ 
1967. Experimental heart failure due to inhibition of utilization 
of high energy phosphates. Pp. 220-236 in Proceedings of an Inter¬ 
national Symposium on the Coronary Circulation and Energetics of 
theMycardium. Milano, 1966. Karger, Basel, New York. 

Ford, L., and R. Podolsky. 1970. Regenerative calcium release in 
muscle cells. Science 167: 58-59. 

Ford, L., and R. Podolsky. 1972. Intracellular calcium movements in 
skinned muscle fibers. J. Physiol. 223: 21-33. 

Fortunatus, V. (60(1 A.D.). 1909. P. 1511 in A New English Dictio¬ 
nary on Historical Principles, Vol. VII, J. A. H. Murray, ed. Oxford 
University Press. 

Gaede, D. 1938. Zur Frage der Wirksamen Form des Kalkes. Nau- 
nyn-Schmiedebergs Arch Exp. Pathol. Pharmacol. 188: 169-185. 

Gellespie, M., and J. \V. Thornton. 1932. The effect of calcium on 
the response of isolated bronchi to histamine. J. Pharmacol. Exp. 
Therap. 45:419-426. 

Gelllinrn, E. 1926. Beitrage zur allgemeinen Zellphysiologie V. Mit- 
teilung Weitere Untersachungen uber die glatte Muskulatur. 
PlJuger s Arch. (Arch. Physiol.) 182: 104-113. 

Gley, E. 1928. Le calcium, condition des activities nerveuses sym- 
pathique. Arch. Sci. Biol. 12: 39-49. 

Gley, E., and J. J. Bouchart. 1927. Dimuntion d’Exciteabilite des 



CALCIUM, AN OVERVIEW 


nerves Vaso-Dilatateurs. a la Suite de la Diminution des Ions Cal¬ 
cium du Sang. Compte Rend Soc. Biol. 96: 770-772. 

Glick, I). 1941. The Nature and Significance of Cholinesterase. Biol. 
Sym. 5: 213-233. 

Godfruind, T., and A. Kaba. 1969. Inhibition by cinnarazine and 
chlorpromazine of the contraction induced by calcium and adrena¬ 
line in vascular smooth muscle. Proc. Brit. J. Pharmacol. 35: 354P- 
35 5 P. 

Gold. IE, and N. Kwit. 1937. Digitalis and calcium synergism. S'ci- 
mv 86: 303-331. 

Goodenongh, R. D., and V . A. Stenger. 1973. Magnesium, calcium, 
strontium, barium, and radium, Vol. 1, Chapt. 10. Pp. 491-664. in 
Comprehensive Inorganic Chemistry , Bailar, J. C., II. J. Emelus. 
R. Nyholm, and A. F. Trotman-Dickenson, eds. Pergamon Press, 
Oxford. 

Goreczky, L., and G. \\ Ludany. 1938. Die Wirkung von Calcium 
auch den Grund Softwechsel bei Menschen. Klin Wochenschr. 17: 
1544-1545. 

Graham, J. E., and F. J. IM. Sichel. 1939. Response of frog striated 
muscle to CaCL. Biol. Bull. 77: 332. 

Gray, J. 1926. The properties of an intercellular matrix and its rela¬ 
tion to electrolytes. Brit. J. Exp. Biol. 3: 167-187. 

Grerille, G. D. 1939. XC. The effect of calcium on tissue respiration: 
with a note on the estimation of oxaloacetic acid. Biochem J 33: 
718-722. 

Gross, P. R. 1954. On the mechanism of the yolk 1\sis reaction. Pro¬ 
toplasma 43: 416-428. 

Gross, P. R. 1986. Renderings. The truth about calcium. MBL Sci¬ 
ence, Winter, Vol. 2: pp. 1, 17-18. 

Gruber, A. 1886. Beitrage zur Kentniss der Physiologic und Biologie 
der Protozoen Ber. d. Naturforsch. Gesell. Z. Frieburg i. B.. Vol. I 
No. 2. 

Gruber, A. 1886. Weitere Beobachtungen an vielkernigen lnfusorien. 
Pp. 3-4, 58-59. 

Gruber, A. 1892a. Fine Mittheilung uber kern vermehrung und 
Schwarmerbildung bei Suss-wasser Rhizopoden 6: I 10-119. 

Gruber, A. 1892b. Microskopische Vivisektion, 6-7, 47 (1-67) 21. 
References. 20-21,65-67. 

Gruber, A. 1893. Microskopische vivisektion. Ber. d. Naturforsch. 
Gesell. Z. Frieburg i. B., Vol. 7. 

Guissani, D. T. 1928. Antagonismo Fisiologico Fra Calcio E. Cocaina 
E Sue Applicazioni Terapeutiche. Atti. Soc. Lomb. Sci. Med Biol. 
17:47-54. 

Guttman, R. 1940. Stabilization of spider crab nerve membranes by 
alkaline earths, as measured in resting potential measurements. J 
Gen. Physiol. 23: 343-364. 

Haeckel, E. 1857. Ueber die Gewebe des Flasskrebses. Arch. Amt. 
Physiol. Wiss.Med, 1857:469-568. 

1 laldane, J. B. S. 1985. “On Being the Right Size '' and Other Essays 
Oxford University Press, Oxford, New York. 187 pp. 

Hammond, W. A. 1964. Encyclopedia of Chemical Technology. 2nd 
Edition , Vol. 4, p. 14. Interscience. New York. 

Hampel, C. A., and G. G. Hawley. 1973. The Encyclopedia of Chem¬ 
istry Van Nostrand, New York. 

Harvard Medical News Letter . 1980. 5: No. 7, p. 5. 

I lan ey, A. M., and F. C. Macintosh. 1940. Calcium and synaptic 
transmission in a sympathetic ganglion. J. Physiol. 97: 408-416. 

Hastings, A. B., F. C. McLean, L. Eichelberger, J. L. Hall, and E. 
DaCosta. 1934. The ionization of calcium, magnesium, and 
strontium citrates. / Biol. Chem. 107:351-370. 

Heilbrunn, L. V. 1927. Colloid chemistry of protoplasm. V. A prelim¬ 
inary study of the surface precipitation reaction of living cells. Arch 
Exp. Zellforsch. Besonders Gcwebezuech 4: 246-263. 


213 

I leilbrunn, L. V. 1928. The Colloid Chemistry of Protoplasm. Berlin- 
Verlag von Gebruder Borntraeger. 

I leilbrunn, I.. X . 1930. The action of various salts on the first stage of 
the surface precipitation reaction in Arbacia egg protoplasm. Pro¬ 
toplasma II:558-573. 

Heilbrunn, L. X. 1930. The surface precipitation reaction of living 
cells. Proc. Am. Phil. Soc. 69: 295-301. 

Heilbrunn, L. X. 1932. The colloid chemistry’of protoplasm. Scientia 
52: 356-364. 

Heilbrunn, L. V. 1934. The effects of anesthetics on the surface pre¬ 
cipitation reaction. Biol. Bull. 66: 264-275. 

Heilbrunn, L. V. 1938. An Outline of General Physiology. 1st Ed. 
Saunders, Philadelphia. 

Heilbrunn, L. X. 1943. An Outline of General Physiology, 2nd Ed. 
Saunders, Philadelphia. 

Heilbrunn, L. V. 1951. Calcium and life. Sci. Am. 184:60-63. 

Heilbrunn, L. V. 1952. An Outline of General Physiology, 3rd Ed. 
Saunders, Philadelphia. 

Heilbrunn, L. V. 1956. The Dynamics of Living Protoplasm. Aca¬ 
demic Press, New York, Chapter 7. 

Heilbrunn, L. V., and F. W. Askenaz. 1941. The irritability of frog 
muscle in relation to the sodium ion. Physiol. Zool. 14: 281-295. 

Heilbrunn, L. A'., and F. J. Wiercinski. 1947. The action of various 
cations on muscle protoplasm. J. Cell Comp. Physiol. 29: 15-32. 

Heilbrunn, L. A’., and K. M. AA’ilbur. 1937. Stimulation and nuclear 
breakdown in the Xerets egg. Biol. Bull. 73: 557-564. 

Henderson, L. J. 1913. The Fitness of the Environment. MacMillan 
Co., Beacon Press, Boston. Pp. 172-173. 

Henry, II. L., and A. AY. Norman. 1984. Vitamin D metabolism and 
biological actions. Ann. Rev. Nutr. 4: 493-520. 

Henry, K. M., and S. K. Kon. 1939. XXL Studies on the metabolism 
of calcium and phosphorus on the availability of these elements 
from milk and from an inorganic source. Biochem. J 33: 173-191. 

Herbst, C. 1900. Uber das Auseindergehen von Furchnungs-Gewe- 
bezellen in Kalkfeinen Medium Roux’s Arch Entwecklungens- 
mech 9:424-463. 

Hermann, S. 1932. Die Beeinfluss barkeit der Zustandsform des Cal¬ 
ciums in Organismus durch Adrenalin. Nouyn Schmiedebergs 
Arch. Exp. Pathol. Pharmacol. 167:82-84. 

Hill, V. X. 1948. On the time required for diffusion and its relation 
to processes in muscle. Proc. R Soc. Loud. B 135: 446-453. 

Hill, A. A r . 1949a. The onset of contraction. Proc. R Soc. Lond. B 
136:242-254. 

IIill, A. A\ 1949b. The abrupt transition from rest to activity in mus¬ 
cle. Proc R Soc Lond. B 136: 399-420. 

1 till, A. A . 1949c. Is relaxation an active process? Proc. R. Soc. Lond. 
B 136:420-435. 

llober, R. 1920. Zur Analyse der Calcium wirkung. PJluegers Arch. 
Eur J Physiol 182: 104-113. 

llober, R. 1945. Physical Chemistry of Cells and Tissues. Blakiston 
Co., Philadelphia. Cells, pp. 289-311; muscles, pp. 513-522. 

Horton, IM. A., E. F. Rimmer, A. Moore, and T. J. Chambers. 
1985. On the origin of the osteoclast. The cell surface phenotype 
of rodent osteoclasts. Calcified Tissue hit. 37:46-50. 

Iloussay, B.A., and E. A. Molinelli. 1928. Excitabilite des Fibres Ad- 
renalino-secretories de Nerf Grund Splachnique. Frequences, seuil 
et optimum des Stimulus. Role Plon Calcium. Conipt Rend Soc 
Biol. 99: 172-174. 

Iluf, E. 1935. Versuche uber den Zusammenhang Zwischen Stoff- 
wechsel, Potentialbildung und Funktion der Froschhaut. PJluegers 
Arch. Gesamte Physiol. 235:655-673. 

Hukuda, k„ and k. Moriya. 1936. On the tension development of 
calcium contracture in frog’s sartorius muscle. Nagoya J. Med. Sci. 
10:285-297. 


214 


F J W1ERCINSK1 


Hunnan, V. A., and R. M. Bell. 1986. Mechanism of activation of 
protein kinase C: role ofdiacylglyeerol and calcium second messen¬ 
gers. Chapter 5 in Cell Calcium and Control of Membrane Trans¬ 
port, Soc. Gen. Phys., Rockefeller Press, New York. 

Hide, A. J. 1964. The Developmental Modern Chemistry Harper and 
Row, New Y'ork, pp. 851. 

Inesi, G. 1985, Mechanism of calcium transport. Ann. Rev. Physiol. 
47:573-60). 

Irving, J. T. 1957. Calcium Metabolism. John Wiley, New York. 177 

pp. 

Jack, J. J. B., D. Nobel, and R. W.Tsien. 1975. Electric Current Flow 
in Excitable Cells. Oxford Press. Pp. 407, 98-99, 348, 350. 

Jaffe, L. F. 1982. Development Currents. Voltages and Gradients in 
Developmental Order: Its Origin and Regulation. Alan R. Liss, Inc., 
New York. Pp. 183-215. 

Jaffe, L. F. 1982. Eggs are activated by a calcium explosion; carcino¬ 
genesis may involve calcium adaptation and habituation. In Ions. 
Cell Proliferation, and Cancer. Academic Press, New York. 

Jaffe, L. F. 1983. Sources of Calcium in Egg Activation A Review 
and Hypothesis in Developmental Biology. Academic Press, New 
York. Pp. 265-276. 

Jahn, T. L., and F. C. Bnvie. 1969. Protoplasmic movements within 
cells. Physiol. Rev. 49: 793-862. 

Kaczmarek, L. K. 1986. Regulation of neuronal calcium channels 
and intracellular calcium by protein kinase and inositol trisphos- 
phate. J. Gen. Physiol. 88: 5a. 

Kapeller, R., and H. Kutscliera-Aichbergen. 1928. Uber den Calci- 
umgchalt des Herzmuskels. Biochem. /eitschr 193:400-408. 

Katz, B. 1958. Nature of the nerve impulse. Pp. 466-474 in Biophysi¬ 
cal Sciences—A Study Program. John Wiley and Sons, New York. 

Katz, B. 1966. Serve, Muscle, and Synapse. McGraw-Hill Book Co., 
New York. 193 pp. 

Katz, B., and R. Miledi. 1968. The role of calcium in neuromuscular 
facilitation. J Physiol. 195:481-492. 

Katz, S., M. Shani, and M. A. Bridges. 1984. The calcium hypothesis 
of cystic fibrosis. Cell Calcium 5: 421-440. 

Keil, E. M., and F. J. M. Sicliel. 1936. The injection of aqueous solu¬ 
tions, including aetyeholine, into the isolated muscle fiber. Biol. 
Bull. 71:2. 

Kisch, B. 1931. Die Beintlassung des Gewebsatmung in Calcium 
Salz-freir Nuhrlosung. Biochem. /. 235: 51-65. 

Kleiner, I. S., and J. M. Orten. 1966. Biochemistry, 7th Edition. 
Mosbv, St. Louis. Pp. 628-630. 

Kolsch, K. 1902. LJntersuchungen uber die Zerlliessungserchei- 
nungenderciliaten lnfusorien (nebst Bemerkungen uber Protoplas- 
mastruktur, Protoplasmabevvegungen und Vitalfarbungen). Zool. 
Jahrb. Abt Anat. Ontog. here 16:273. 

Kotulak, R. 1985. The stone busters. Chicago Tribune Graphic . Oct. 
6, Sect. 3, pp. 19-21. Sources: Domier Medical Systems, New York 
Times, researched by N. Jane Hunt. 

Krebs, E. G. 1985. The phosphorylation of proteins: a major mecha¬ 
nism for biological regulation. Bioch. Soc Trans. 13: 813-820. 

kretsinger, R. IT 1978. Structure and function of calcium-modu¬ 
lated proteins. C RC Cru. Rev Biochem 8: 119-174. 

Kretsinger, R. II. 1979. Seurobiology Manual MEL* Woods Hole. 

Landowne, D., and J. M. Ritchie. 1971. Control of glucogenolysis in 
mammalian nervous tissue by calcium. J Physiol 212: 503-517. 

Langer, G. A. 1968. Ion fluxes in cardiac excitation and contraction 
and their relation to mvocardial contractivity. Physiol. Rev. 48: 
708-757. 

Lasnitzki, A. 1934. Die Bedeitung der Rationen fur die Energie 
stoffwechsol der Wa‘*mblulter Zelle. Insbesondere der Tumorzells. 
Protoplasma 22: 274-298. 


Lawaczek, II. 1928. Uber das Verhalten des kulziums unter Adren¬ 
alin, ein Beitrag zum Mechanismus der Adrenalin wirkung. Dtsch. 
Arch Kim. Med 160:309-322. 

Leaf, A., and R. Cotran. 1976. Renal Pathophysiology. Oxford Uni¬ 
versity Press, New York. Pp. 242-265. 

Lefevre, P. G. 1946. Evidence for enzymatic participation in the pen¬ 
etration of human erythrocytes by glycerol. Biol. Bull. 91: 223. 

Lefevre, P. G. 1947. Evidence of active transfer across human eryth¬ 
rocyte membrane. Biol. Bull. 93: 224. 

Lefevre, P. G. 1948. Evidence of active transfer of certain non-elec¬ 
trolytes across the human red cells membrane. J Gen. Phys. 31: 
505-527. 

Lefevre, P. G. 1954. The evidence for active transport of monosac¬ 
charides across the red cell membrane. Sym. Soc. Exp. Biol. 8: 118- 
135. 

Lefevre, P. G. 1955. Active Transport Through Cell Membranes. 
Protoplasmatologia, 11 Id: 3a. Sponger-Verlag, Vienna. 

Leicester, II. M. 1956. The Historical Background of Chemistry. 
John Wiley and Sons, New York Pp. 167-171, 

Levine, B. A„ and R. J. P. Williams. 1982. The chemistry of calcium 
and its biological relevance. Pp. 3-24 in The Role of Calcium in 
Biological Systems. Anghileri, L. J., and A. M. Tuffet Anghileri, 
eds. CRC Press, Boca Raton, Florida. 

Levy, II. M., and E. M. R\an. 1965. Evidence that calcium activates 
the contracture of actomyosin by overcoming substrate inhibition. 
Sature 205: 703-705. 

Lister, Mr. 1672. Account of a stone cut out from under the tongue 
of a man. No. 83, p. 4062, Trans. Phil. Trans., Vol. VI1: pp. 716- 
717, abridged. P. xiii: contents of a stone cut from under a man's 
tongue. 

Little, II. J., S. J. Dolin, and M. J. Holsey. 1986. Calcium channel 
antagonists decrease the ethanol withdrawal syndrome. LifeSci. 39: 
2059-2065. 

1 linas, E. 1976. Frog Seurobiology'—A Handbook. Springer-Verlag, 
Berlin. 1046pp. 

Locke, F. S. 1893. Die Werkung der physiologischen Koehsalzlosung 
auf quergestreifte Muskeln. Pjhieger's Arch. Eur. J. Physiol 54: 
401-524. 

Locke, F. S. 1894. Notiz uber den Einlluss physiologischer Kochsalz- 
losungaufdieelectrische Erregbarkeit. von Muskel and Nerve. Zen- 
talbl. Physiol. 8: 166-167. 

Loeb, J. 1902. Studies on the physiological effects of the valency and 
possibly the electrical charges of ions. I. The toxic and anti-toxic 
effects of ions as a possible function of their valency and possibly 
their electrical charge. Am. J. Physiol 6: 411-433. 

Loeb, J. 1906. The Dynamics of Living Matter. Columbia University 
Press. 

Loeb, J. 1924. Proteins and the Theory of Colloidal Behavior, 2nd 
edition. McGraw-Hill, New York. 

Loevv, O. 1892. Ueher die Physiologischen Functionen de Calcium 
und Magnesiumsalze im Pflanzenorganismus. Flora 75: 368-394. 

Loevv, O. 1925. Uber das Kalkbedurfnis von Algen und Pilzen. Biol. 
Zentralbl. 45: 122-125. 

Loevv, O. 1931. Ueber den Einfluss des Calciums auf die physiolo- 
gische Funktiones Magnesiums. Die Ernaehr. PJlanze. 27: 121 — 
122 . 

Loewi, 0.1912. Uber die Giftwirkung von oxalsauren salzen und die 
physiologisehe Function des kalzium. Biochem. Z . 38: 226-243. 

Loewi, O. 1918a. Uber den Zusammenhaug Zwischen Digitalis und 
Kalciumwirkung. Souyn-Schmiedebergs Arch. Exp. Pathol. Phar¬ 
macol. 82: 131-158. 


CALCIUM, AN OVERVIEW 


215 


Loewi, O. 1918b. Uber den Zusammenhaug Zwischen Digitalis und 
Kaleiumwirkung. Nouyn-Schmiedebergs Arch. Exp Eat hoi. Phar¬ 
macol. 83:366-380. 

Loewi, O. 1921. See Eleilbrunn, L. V., 1937, Outline of General Phys¬ 
iology, 1st Edition. Saunders, Philadelphia, p. 461. 

MBL Newsletter. 1983. Calcium and the Man. 

Mandel, L. J., and 1). C. Eaton. 1987. Cell calcium and the control 
of membrane transport. Soc. Gen. Physiol. 42: 169-179, 191-195. 
Rockefeller University Press, New York. 

Marcozzi, V. 1937. Sulla Tossicita Del Magnesio E. Sul Suo Antago¬ 
nism o col calcio Nelle Piante. Nuovo G Pot. Ital. (Nuova Scr.) 
XLIV: 503-551. 

IMarnie, I). 1985. Calcium and Cell Physiology. Springer-Verlag, Ber¬ 
lin. 

Marsh, B. B. 1952. The effects of adenosine triphosphate on the fibre 
volume of a muscle homogenate. Biochem. Biophys. Acta 9: 247- 
260. 

Martin, C. R. 1985. Endocrine Physiology. Oxford Press, New York. 
Pp. 409-496. 

Mast, S. O., and C. Fowler. 1938. The effect of sodium, potassium, 
and calcium ions on changes in volume of Amoeba proteus. Biol. 
Bull 74:297-305. 

Mast, S.O., and D. M. Pace. 1939. The effects of calcium and magne¬ 
sium on metabolic processes in Chilomonas paramecinm. J Cell. 
Comp. Physiol. 14:261-279. 

Masui, Y., M. S. Lohka, and E. K. Sliihuya. 1984. Roles of the Ca 
ions and ooplasm ic factors in the resumption of metaphase-arrested 
meiosis in Rana pipiens oocytes. Soc. Exp. Biol . Svnt. 38: 45-66. 

Mathews, J. L., C. S. Van der Wiel, and R. V. Talmadge. 
1981. Intracellular calcium regulation and transport leading to 
calcium control of physiological processes. Pp. 417-432 in Ad¬ 
vanced Cell Physiology, L. M. Schwartz and M. M. Azar, eds. Van 
Nostrand Reinhold Co., New York. 

Mayr, E. 1982. The Growth of Biological Thought. Harvard Univer¬ 
sity Press, Boston. 

Ma/ia, 1). 1937. The release of calcium in Arbacia eggs upon fertiliza¬ 
tion. J C C P 10:291-304. 

McCutcheon, M., and B. Lucke. 1929. The effect of certain electro¬ 
lytes and non-electrolytes on the permeability of living cells to wa¬ 
ter. J. Gen Physiol 12: 129-138. 

McDonald, M. R., and M. Kunitz. 1941. The effect of calcium and 
other ions on the autocatalytic formation of trypsin from trypsino- 
gen. J. Gen. Physiol. 15: 53-73. 

McGrath, K. J., \V. J. Ileideger, and K. W. Beach. 1986. Calcium 
homeostasis 111: the bone membrane potential and mineral dissolu¬ 
tion. Calcif. Tissue Int. 39: 279-283. 

McLean, F. C., and A. B. Hastings. 1934. A biological method for 
the estimation of calcium ion concentration. J. Biol. Client. 107: 
337-350. 

Medlars. 1984. Citations back to 1966. M. L. NT’s inter-active re¬ 
trieval service. 

Meltzer, S. J., and J. Auer. 1905. Physiologic and pharmacological 
studies of magnesium salts. General anesthesia by subcutaneous in¬ 
jection. Am. J. Physiol. 14: 366-388. 

Meltzer, S. J., and J. Auer. 1908. The antagonistic action of calcium 
upon the inhibitory effect of magnesium. Am. J Physiol 21: 400- 
419. 

Mendel, L. B., and S. R. Benedict. 1909. The paths of excretion for 
inorganic compounds. The excretion of calcium. Am. ./ Physiol. 
25: 23-33. 

Metz, C. B., and A. Monroy, (eds). 1985. Biology of Fertilization , 
Vol. 3, p. 6. Academic Press, New York. 


Meyer, 11. 11. 1910. Uber die Wirkung des Kalkes. Muench. Med. 
Wockenschr p. 2277, No. 44. 

Mines, G. R. 1911. On the replacement of calcium in certain neuro¬ 
muscular mechanisms by allied substances. J Physiol 42: 251 -266. 

Mollison, \V. R. 1939. Effect of calcium deficiency on respiration of 
etiolated seedlings. Bot Gaz 100: 828-835. 

Monastersky, R. 1987. Heirs to ancient air. Sci. News. 132: 122-123. 

Moody, \V., Jr. 1984. Effects of intracellular ID in the electric prop¬ 
erties of excitable cells. Ann. Rev. Neurosci. 7: 257-278. 

Morton, L. T. 1983. A Medical Bibliography (Garrison and Morton), 
4th Edition. Butler and Tanner, Ltd., London, 

Moser, M. 1986. Historical perspective on the management of hyper¬ 
tension. Am. J. Med 80: 1-4. 

Miillcr, O. E. 1786. Animalcula infusoria fluriatilia et marina, quae 
detexit, systematice descrepsit et ad vivum delineari, Hmtaniae, N. 
Mollieri. 

Naylor, \V. G., and J. S. Dillon. 1986. Calcium antagonists and their 
mode of action: an historical overview. Brit. J Clin. Pharmacol 21: 
978-1078. 

Needham, A. E. 1952. Regeneration and Wound Healing. John Wi¬ 
ley, New York. Pp. 40, 43, 46, 97. 

Neidergerkc, R. 1955. Local muscular shortening by intracellular ap¬ 
plied calcium. J. Physiol 128: 12. 

New land, J. R. 1987. Blood coagulation: a review. Am. J. Obstet. Gy¬ 
necol 156:1420-1422. 

Nichols, A., Jr., and R. 11. Wasserman. 1971. Cellular Mechanisms 
for Calcium Transfer and Homeostasis. Academic Press, New 
York. 513 pp. 

Nuccitelli, R., and D. W. Deamer. 1982. Intracellular pH: Its Mea¬ 
surement, Regulation, and Utilization in Cellular Functions. Alan 
Liss, Inc., New York. 594 pp. 

Oesting, R. B., and \\ . C. Alice. 1935. Further analysis of the protec¬ 
tion value of biologically conditioned freshwater for the marine tur- 
bellarian Procerodes whcatlandi. IV. The effects of calcium. Biol. 
Bull. 68:314-326. 

Osterhout, WJ. V. 1909. VVeitere Untersuchangen uber die Uber- 
einstimmung der Saltzwirkungun bei Tieren und Pffanzen. Die 
Shutzwirkung des Nutriums fur Pffanzen. Jahrb. W 755. Bot. 46: 
121-136. 

Otis, A. B. 1942. Effects of certain drugs and ions on the oyster heart. 
Physiol. Zool. 15:418-435. 

Overton, E. 1904. Beitragc zur allemeinen Muskel-und Nerven phy- 
siologie Alkali und Erdalkalisalze auf Skelettmuskeln und Nerven. 
Pjhiegers Arch. Fur. J. Physiol. 105: 176-290. 

Palade, A. E. 1975. Intracellular aspects of the process of protein se¬ 
cretion. Science 189:347-358. 

Pauling, L., and S. Goudsmit. 1930. The Structure of Line Spectra. 
McGraw-Hill, New f York. Pp. 94-97. 

Pease, P. C., D. J. Jenden, and N. J. Howell. 1965. Calcium uptake 
in glycerol extracted rabbit psoas muscle fibers. II. Electron micro¬ 
scopic localization of uptake sites. J Cell. Comp Physiol. 65: 141 — 
154. 

Peck, C. 11., and S. J. Meltzer. 1916. Anesthesia in human beings by 
intravenous injection of magnesium sulfate. J Am. Med. .4550c. 67: 
1 131-1133. 

Peters, II. C., C. E. Rea, and M. B. Vissclicr. 1934. Influence of cal¬ 
cium ions upon energy metabolism of the mammalian heart. Proc. 
Soc. Exp. Biol. Med. 32: 268-271. 

Peterson, I. 1987. Cages, cavities and clefts. Sci. News 13: 90-93. 

Podolsky, R. J. ed. 1970. Contractility of muscle cells and related 
processes. Soc. Gen. Phys. Svmp., Marine Biological Laboratory, 
Woods Hole, MA. 


216 


F. J. W1ERCINSK1 


Podolsky, R. J., and L. E. J eichholz. 1970. The relation between cal¬ 
cium and contraction kinetics in skinned muscle fibers. J. Physiol. 
211: 19-35. 

Pollack, H. 1928. Micrurgical studies in cell physiology. VI. Calcium 
ions in living protoplasm J Gen Physiol. 1 1: 539-545. 

Poole-Wilson, P. A., I). B. Harding, P. P. V. Bourdillon, and M. A. 
Jones. 1984. Calcium out of control. J Mol. Cell. Cardiol. 16: 
175-187. 

Porter, K. R. 1961. The Cell. Vol. 2. Brachet and Nlersky, Eds. Aca¬ 
demic Press, New York. p. 621 

Portzehl, H., P. C. Caldwell, and J. C. Ruegg. 1964. The dependence 
of contraction and relaxation of muscle fibers from the crab. Mare 
squinado, on the internal free calcium ion. Biochem. Biophvs. Acta. 
79:581-591. 

Price, deSalla Derek. 1963. Little Science. Big Science. Columbia 
University Press, New York. 

Pringsheim, E. G. 1926. Uber das Ca-Bedurfnis einiger Algen. Fest¬ 
schrift f. H. Molisch Planta. 2: 555-568 (Arch. U'iss. Bot ). 

Pringsheim, E. G. 1928. Physiologische Untersuchungen au Parame¬ 
cium bursaria. Ein beitrag zur Symbiosforschung. Arch. Protuenk. 
64:289-418. 

Putney, J. \Y. 1986. A model for receptor-regulated calcium entry. 
Cell Calcium 7: 1-12. 

Rasmussen, IE, and 11. F. DeEuca. 1963. Calcium homeostasis. Er- 
geb. Physiol 53: 108-173. 

Rahwan, R. G., and E. P. Witiak. 1982. Calcium Regulation by Cal¬ 
cium Antagonists. ACS Symposium Senes 201. Am. Chem. Soc.. 
Washington, DC 

van Rens, Th. J. G. 1987. The history of treatment using plaster of 
Paris. Acta Ortho. Belg. 53: Fasc. 1, p. 34. 

Retzius, G. 1890. Muskel Fibril le und Sarcoplasm a. Biol. Untersuch. 
1:51-88. 

Richards, D. \V. 1953. Homeostasis versus hyperexis: or Saint 
George and the dragon. Sci. Monthly 77: 289-294 

Ringer, S. 1882. Concerning the inlluance exerted by each of the con¬ 
stituents of blood on the contraction of the ventricle. J. Physiol. 3: 
380-393. 

Ringer, S. 1886. Further experiments regarding the influence of small 
quantities of lime, potassium and other salts on muscular tissues. J 
Physiol. 7:291-308. 

Ringer, S. 1890. Concerning experiments to test the influence of lime, 
sodium and potassium salts on the development of ova and the 
growih of tadpoles. J. Physiol 11: 79-84. 

Ringer, S., and D. \\ . Buxton. 1885. Concerning the action of small 
quantities of calcium, sodium, and potassium salts upon the vitality 
and function of contractile tissue and cuticular cells of fishes. J 
Physiol 6: 154-161. 

Ringer, S., and H.Sainsbury. 1894. Ihe action of potassium, sodium, 
and calcium salts on Tubifex rivulorum. J Physiol. 16: 1-9. 

Robertson, J. D. 1941. The function and the metabolism of calcium 
in the mvertebrata. Biol. Rev. 16: 106-133. 

Robison, R. 1923. The possible significance of hexosephosphoric es¬ 
ters in ossification. Biochem. J 17: 286-293. 

Rotfistein, A. 1954. Enzyme systems of the cell surface involved in 
the uptake of sugars b> yeast. Svm. Soc Exp Biol. 8: 165-201. 

Rubin, R. P. 1974. Cab :um and the Secretory Process. Plenum Press, 
New York. 588 pp. 

Rubin, R. P. 1982. Can mm and Cellular Secretion Plenum Press, 
New York. 

Rubin, R. P., G. B. Weiss, and J. W . Putne>, Jr. 1985. Calcium in 
Biological Systems Plenum Press. New York. 737 pp. 

Rubinstein, D. E. 1928. Das Problem des physiologischen lonen 
antagonism us. Protoplasma 4: 259 214. 


Schruedinger, E. 1962. II hat is Life 0 The Physical Aspects of the Liv¬ 
ing Cell. Cambridge. 

Schuel, 11.1985. See Metz and Monroy, 1985, p. 6. 

Schwartz, L. M., and M.G. Azarfeds.). 1981. Advanced Cell Biology. 
Van Nostrand Reinhold Co. New York 

Shanes, A. M. 1958. Electrochemical aspects in excitable cells. 
Pharm. Rev 10: 59-273. 

Shiner, A. M„ and R. S. Solaro. 1894. The Hill coefficient for the 
Ca 2 activation of stnated muscle contraction. Biophvs. J 46: 541 — 
543. 

Shreeve, J. (ed.). 1983-1984. Calcium and the Man. MBL Newslet¬ 
ter. Vol. 8; No. 2, Marine Biological Laboratory, Woods Hole. 

Silinsky, E. iM. 1985. The involvement of alkaline earth cations in 
the control of acetylcholine release, (abstract). Loyola University, 
Chicago Stntch School of Medicine. Neurobiology of Acetylcholine 
Symposium. 

Simkiss, K. 1969. Intracellular pH during calcification. Biochem. J 
111:647-651. 

Simon, A., and J. Szeloszey. 1928. Untersuchungen uber Kaliamund 
Calciumgehait der penpheren Nerven fasern. Biochem. Z. J93: 
393-399. 

Slare, F. 1683. An abstract of a treatise of the calculus humanus in 
answer to several queries proposed by Sir John Hoskins: by the 
learned and ingeneous Fred Slare, M.D. and Fellow of the Royal 
Society. Phil. Trans 12:523-533. 

Slare, F. 1693. A postscript to the publisher, containing a short ac¬ 
count of the human calculi of unusual form and bigness, from the 
same F. S. M. D. Phil Trans. Diagrams 17, 534. See Appendix. 

Slater, J. 1981. The go-betweens. The Sciences December, 19-21. 

Somlyo, A. P. 1984. Cellular site of calcium regulation. Nature 309: 
516-517. 

Spaeth, R. A. 1913. The physiology of the chromatophores of fishes. 
J Exp. Zool. 15: 527-585’ p. 576. 

Spiro, 1. G. (ed.). 1983. Calcium in Biology. John W iley and Sons. 
New York. Pp. 237-270. 

Stiles, P. G. 1903. On the influence of calcium and potassium on the 
tone of plain muscle. Am. J Physiol. 8: 269-272. 

Stolz, B., and J. Bereiter-Ilahn. 1987. Sequestration of ionophoreti- 
callv injected calcium by living endothelial cells. Cell Calcium 8: 
103-121. 

Stoltz, B., and J. Bereitcr-1 lahn. 1988. Increase of cytosolic calcium 
results in formation of Factin aggregates in endothelial cells. Cell 
Biol. 12: 321-330. 

Suttie, J. \V„ and C. M. Jacksun. 1977. Prothrombin structure, acti¬ 
vation and biosynthesis. Physiol. Rev. 57: 1-70. 

Swanson, M., E. Cacaee, G. Chan, and M. Itano. 1973. A stimulated 
whole-saliva calcium and potassium product in subjects on digoxin 
correlates with a diagnoses digitalis toxicity in patients with normal 
renal functions. Circulation XLVII: 736-743. 

Swingle, K. F., A. E. Axelrod, and C. A. Ehejhem. 1942. The mecha¬ 
nism of the effect of calcium salts on the succinoxidase system. J 
Biol. Chem. 145:581-591. 

Symposia of the Society for Experimental Biology. 1979. No. XX- 
XI1, pp. 165-192. 

Tate, G., and A. J. Clark. 1922. The action of potassium and calcium 
upon the isolated uterus. Arch. Int. Pharmacodyn. Ther 25: 103- 
111 . 

Terry, R. E. 1950. The surface precipitation reaction of the ovarian 
frog egg. Protoplasma 39: 206-221. 

Thomas, M. V. 1982. Techniques in Calcium Research Academic 
Press. New York. 

Thomsen, I). E. 1986. Plasma physics breaks stones. Sci News 130: 
157. 



CALCIUM, AN OVERVIEW 


Titajew, V. A., und W. Unik. 1929. Uber die Bedeulung von kalium 
und Calcium fur die Erregburkeit der Vasomotoren. PJluegers Arch. 
Put J Physiol. 233: 78-91. 

Trendelenburg, I\ 1912. Physiologische und pharmakologische Un- 
tersuchungen ander isolierten Bronchial muskalatur. Naunyn- 
Schmiedebergs.br/?. Exp. Pathol. Pharmakol. 69: 79-107. 

Tsien, R. \Y. 1983. Calcium channels in excitable membranes. Ann. 
Rev. Physiol. 45:341-358. 

V an hontte, I’. M., R. Paoletti, and S. Govani, eds. 1988. Calcium 
antagonists: pharmacology and clinical research. Ann. NY Acad. 
So. 522: 802 pp. 

Volta, A. 181)0. On the electricity excited by the mere contact of con¬ 
ducting substances of different kinds. Phil. Trans. 90: 403-431 (in 
French). 

Von Mold, II. 1846. Saft beweguisgen im lnneren der Zelle. Botani¬ 
cal Zeitung 73, tr. Henfrey (1852) 37. In Murray, Sir James, A. H. 
1909. A New English Dictionary on Historical Principles. Vol. VII, 
p. 1511. 

Weber, II. II. 1954. Adenosine triphosphate and motility of living 
systems. Harvey Lea. 49: 37-56. 

Weil, L., and C. F. A. Pantin. 1931. The adaptation of Gunda ulvae 
to salinity. II. The water exchange../ Exp. Biol. 8: 73-81. 

Wichicrman, R. 1985. The Biology of Paramecium, 2nd Ed Plenum 
Press, New York, 601 pp. 

Wicrcinski, F. J., and C. M. Child. 1936. Differential susceptibility 
of living organisms to supersonic vibrations. Science 83: 604-605. 

Wiercinski, F. J. 1939. The effect of supersonic vibration on reconsti¬ 
tution and head frequency in Eupianaria dorotocephala Physiol. 
Zool. 12:62-69. 

Wiercinski, F. J. 1941. An experimental study of intracellular pH in 
\hc Arbacici egg. Biol. Bull. 83: 305. 

W iercinski, F. .1. 1944. An experimental study of protoplasmic pH 
determination: 1. Amoebae and Arbacia punctuhita Biol. Bull. 86: 
98-112. 

Wiercinski, F. J. 1952. Relation of pH to the shortening of muscle 
protoplasm by cations. Fed. Proc., Part 1, II: 172. 

W iercinski, F. J., and L. V. Ilcilbrunn. 1947. The action of various 
cations on muscle protoplasm. J. Cell, and Comp Physiol. 29: 15- 
32. 

Williams, I). R. 1971. The Metals of Life. The Solutions Chemistry 
of Metal Ions in Biological Systems. Van Nostrand-Reinhold, New 
York. 

Williams, D. R„ K. K. Fogarty, R. Y. Tsien, and F. S. Fay. 

1985. Calcium gradients in single smooth muscle cells revealed by 
the digital imaging microscope using FURA-2. Nature 318: 558. 

W ohlisch, E. 1940. Fortschritte in der Physiologie der Blutgerinung. 
Ergeb Physiol Biol. Chem. Exp. Pharmakol. 43: 174-370. 

Wollaston, W. II. 1797. On gouty and urinary concretions. Phil. 
Trans. 87: 386-400. 

Zimmerman, A. N. F., and \Y. C. 1 lulsman. 1966. Paradoxical inllu- 
ence of calcium ions on the permeability of the cell membranes of 
the isolated rat heart. Nature 211: 646-647. 

Zipkin, I. 1972. Biological Mineralization. J. W iley & Son, New 
York. M. R. Urist. Biological indicators of calcification, pp. 757- 
794. W. F. Neumann and M. W. Neumann. In the beginning there 
was apatite, pp. 3-19. R. E. Pyke. Relationships of Ca, P, Mg, and 
F in hard and soft tissue calcification, pp. 463-485. 


Appendix 

A Poftfcript to the Publiftier, containing a fieri 
account cf /iro .Human Calculi of unufual fem 
and bignefs , from the fame F. S. M. D' 

SIK’ 

T Here fend you the Figure of a Stone y Fig. i. cl 
I a prodigious fige and as rare a jbape , fomewhat refem- 
bring indeed the Kidney t for that was quite worn away, 
and this//o« fill d up ibzplace, it weigh d indeed fome¬ 
what more when I took it out of the Body, than it does 
now, for it then weigh'd feven ounces and a half; there 
is no Hijtory that relates any account of a//W genera¬ 
ted in the Kidney, that does near parallel this. Without 
breaking it afunder, I can find it does coafift of feveral 
lamina: laid over one another, as that of the Bladder 
does-.* I took the Circumference , and found it to mealure 
feven Inches upon the round. 

That taken out of the Body of the late Duke of Nor- 
fitfr Father , 2. Wai brought not long fince to thd 

K. Society by Sc .Theodore de Vau x f vtho gave me leave to fend 
you the Figure of it, which you fee is branched, and 
feems to have fpread lome branches into great Kepis, 
whether Arteries , Veins or into the Ureter I cannot de¬ 
termine, tho thefe as well as the Pelvis-fezm to have been 
fill'd up by this great Jlone: yet this comes far fhort ol 
that before mention <i, fince it rveighs but four ounces 
and a half: a Jlone indeed of an incredible fize to be found 
nitheAjVaWj'. The. measure longwife from one extreme 
to the other made four Inches compleat : the extenfion 
of rhe Branches from one to the other meafurd crofwiie 
or tranfverllv, 3 Inches and a half. This is defervedly 
laid up m the Kj>oftory of the Kpyal Society, as a great 
but forrowful Rarity , having caufed the death of 1 ° 
g^eat a Patron of Learning . 



(Jf.Btfnffiers fett/f 


From Slare (1693). 



